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PREFACE TO THE SECOND EDITION 


THE first edition of this volume of the Course of Theoretical Physics was published 
in two parts (1971 and 1974) under the title “Relativistic Quantum Theory”’. It 
contained not only the basic material on quantum electrodynamics but also chap- 
ters on weak interactions and certain topics in the theory of strong interactions. 
The inclusion of those chapters now seems to us inopportune. The theory of strong 
and weak interactions is undergoing a vigorous development founded on new 
physical ideas, and the situation in this field is changing very rapidly, so that the 
time for a consistent exposition of the theory has not yet arrived. In the present 
edition, therefore, we have retained only quantum electrodynamics, and accord- 
ingly changed the title of the volume. 

As well as a considerable number of corrections and minor changes, we have 
made in this edition several more significant additions, including the operator 
method of calculating the bremsstrahlung cross-section, the calculation of the 
probabilities of photon-induced pair production and photon decay in a magnetic 
field, the asymptotic form of the scattering amplitudes at high energies, inelastic 
scattering of electrons by hadrons, and the transformation of electron—positron 
pairs into hadrons. 

A word regarding notation. We have reverted to the use of circumflexed letters 
for operators, in line with the other volumes in the Course. No special notation is 
used for the product of a 4-vector and a matrix vector y", previously denoted by a 
circumflexed letter; such products are now shown explicitly. 

We have, alas, had to prepare this edition without the aid of Vladimir Berestets- 
kii,who died in 1977; but some of the added material mentioned above had been 
put together previously, by the three authors jointly. 

Our sincere thanks are offered to all readers who have given us their comments 
on the first edition of the book, and in particular to J. S. Bell, V. P. Krainov, L. B. 
Okun’, V. I. Ritus, M. I. Ryazanov and I. S. Shapiro. 


July 1979 E. M. LIFSHITZ 
L. P. PITAEVSKI 
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FROM THE PREFACE TO 
THE FIRST EDITION 


IN ACCORDANCE with the general plan of this Course of Theoretical Physics, the 
present volume deals with relativistic quantum theory in the broad sense: the 
theory of all phenomena which depend upon the finite velocity of light, including 
the whole of the theory of radiation. 

This branch of theoretical physics is still far from completion, even as regards 
its basic physical principles, and this is particularly true of the theory of strong and 
weak interactions. But even quantum electrodynamics, despite the remarkable 
achievements of the last twenty years, still lacks a satisfactory logical structure. 

In the choice of material for this book we have considered only results which 
appear to be reasonably firmly established. In consequence, of course, the greater 
part of the book is devoted to quantum electrodynamics. We have tried to give a 
realistic exposition, with emphasis on the physical hypotheses used in the theory, 
but without going into details of justifications, which tn the present state of the 
theory are in any case purely formal. 

In the discussion of specific applications of the theory, our aim has been not to 
include the whole vast range of effects but to select only the most fundamental of 
them, adding some references to original papers which contain more detailed 
studies. We have often omitted some of the intermediate steps in the calculations, 
which in this subject are usually very lengthy, but we have always sought to 
indicate any non-trivial point of technique. 

The discussion in this book demands a higher degree of previous knowledge on 
the part of the reader than do the other volumes in the Course. Our assumption has 
been that a reader whose study of theoretical physics has extended as far as the 
quantum theory of fields has no further need of predigested material. 

This book has been written without the direct assistance of our teacher, L. D. 
Landau. Yet we have striven to be guided by the spirit and the approach to 
theoretical physics which characterized his teaching of us and which he embodied 
in the other volumes. We have often asked ourselves what would be the attitude of 
Dau to this or that topic, and sought the answer prompted by our many years’ 
association with him. 

Our thanks are due to V. N. Baier, who gave great help in compiling §890 and 
97, and to V. J. Ritus for great help in writing §101. We are grateful to B. E. 
Meierovich for assistance with calculations, and also to A. S. Kompaneets, who 
made available his notes of L. D. Landau’s lectures on quantum electrodynamics, 
given at Moscow State University in the academic year 1959-60. 


June 1967 V. B. BERESTETSKIi, E. M. Lirsuitz, L. P. PITAEVSkIi 
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A 4-metric with signature (+ — — —) 1s used. The metric tensor is 


2,(2o0 = 1, 211 = 222 = 233 = — 1). 
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To simplify the formulae, the index is often omitted in writing the components 
of a 4-vector.f The scalar products of 4-vectors are written simply as (ab) or ab; 
ab = a,b" = agby—a-b. 

The 4-position-vector is x“=(t, r). The 4-volume element is d‘*x. 

The operator of differentiation with respect to the 4-coordinates is 0, = d/dx”. 

The antisymmetric unit 4-tensor is e*”’?, with e°!?? = —e9;.3= +1. 

The four-dimensional delta function 5“(a)=6(ao)5(a). 


Three-dimensional 


Three-dimensional tensor indices are denoted by Latin letters i,k, l,..., taking 
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The three-dimensional volume element is d°x. 
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Operators are denoted by italic letters with circumflex. . . . 
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The transposed operator is f. 

The Hermitian conjugate operator is f*. 


Matrix elements 


The matrix element of the operator F for a transition from initial state i to final 
state f is F;; or (f|Fli). 


+t This way of writing the components is often used in recent literature. It is a compromise between 
the limited resources of the alphabet and the demands of physics, and means, of course, that the reader 
must be particularly attentive. 

+ However, to simplify the formulae, the circumflex is not written over spin matrices, and it is also 
omitted when operators are shown in matrix elements. 
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X1V Notation 


The notation |i) is used as an abstract symbol for a state independently of any 
specific representation in which its wave function may be expressed. The notation 
(f| denotes a final (“complex conjugate’) state.t 

Correspondingly, (s|r) denotes the coefficients in the expression of a set of 
states with quantum numbers r as superpositions of states with quantum numbers 


s: |r) = > {s)¢s[r). 


AY 


The reduced matrix elements of spherical tensors are (f||Fli). 


Dirac’s equation 


The Dirac matrices are y", with (y°)’=1, (y')’ =(y’) = (y*)’ = -1. The matrix 
a= yy, B = y°. The expressions in the spinor and standard representations are 
(21.3), (21.16) and (21.20). 

y= iy yyy’, OY = 1; see (22.18). 

ot =x(y"y" — y’y"); see (28.2). 

Dirac conjugation is expressed by w = y*y°. 

The Pauli matrices are o = (o,, oy, o,), defined in $20. 

The 4-spinor indices are a, B,... and a, B, ..., taking the values 1, 2 and joa 

The bispinor indices are i, k,l,..., taking the values 1, 2, 3, 4. 


Fourier expansion 


Three-dimensional: 


3 
pie) = | faye SX, fk) = [ fore ds, 


and similarly for the four-dimensional expansion. 
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Except where otherwise specified, relativistic units are used, with h = 1, c = 1. 
In these units, the square of the unit charge is e? = 1/137. 

Atomic units have e = 1, h = 1, m = 1. In these units, c = 137. The atomic units 
of length, time and energy are h’/me’, h’/me* and me‘/h’; the quantity Ry = 
me‘/2h? is called a rydberg. 

Ordinary units are given in the absolute (Gaussian) system. 


Constants 


Velocity of light c = 2.998 x 10'° cm/sec. 
Unit charget |e|=4.803x10°'° CGS electrostatic units. 


+ This notation is due to Dirac. 
t+ Throughout the book (except in Chapter XIV), e denotes the charge with the appropriate sign, so 
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INTRODUCTION 


§1. The uncertainty principle in the relativistic case 


THE quantum theory described in Volume 3 (Quantum Mechanics) is essentially 
non-relativistic throughout, and is not applicable to phenomena involving motion at 
velocities comparable with that of light. At first sight, one might expect that the 
change to a relativistic theory is possible by a fairly direct generalization of the 
formalism of non-relativistic quantum mechanics. But further consideration shows 
that a logically complete relativistic theory cannot be constructed without invoking 
new physical principles. 

Let us recall some of the physical concepts forming the basis of non-relativistic 
quantum mechanics (QM, §1). We saw that one fundamental concept is that of 
measurement, by which is meant the process of interaction between a quantum 
system and a classical object or apparatus, causing the quantum system to acquire 
definite values of some particular dynamical variables (coordinates, velocities, 
etc.). We saw also that quantum mechanics greatly restricts the possibility that an 
electront simultaneously possesses values of different dynamical variables. For 
example, the uncertainties Ag and Ap in simultaneously existing values of the 
coordinate and the momentum are related by the expressiont AqAp ~ fh; the 
greater the accuracy with which one of these quantities is measured, the less the 
accuracy with which the other can be measured at the same time. 

It is important to note, however, that any of the dynamical variables of the 
electron can individually be measured with arbitrarily high accuracy, and in an 
arbitrarily short period of time. This fact is of fundamental importance throughout 
non-relativistic quantum mechanics. It is the only justification for using the concept 
of the wave function, which is a basic part of the formalism. The physical 
significance of the wave function #(q) is that the square of its modulus gives the 
probability of finding a particular value of the electron coordinate as the result of a 
measurement made at a given instant. The concept of such a probability clearly 
requires that the coordinate can in principle be measured with any specified 
accuracy and rapidity, since otherwise this concept would be purposeless and 
devoid of physical significance. 

The existence of a limiting velocity (the velocity of light, denoted by c) leads to 
new fundamental limitations on the possible measurements of various physical 
quantities (L. D. Landau and R. E. Peierls, 1930). 


+t As in QM, §1, we shall, for brevity, speak of an “electron”, meaning any quantum system. 
+ In this section, ordinary units are used. 
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In QM, 844, the following relationship has been derived: 
v’—v)ApAt ~ Ah, (1.1) 


relating the uncertainty Ap in the measurement of the electron momentum and the 
duration At of the measurement process itself; v and v' are the velocities of the 
electron before and after the measurement. From this relationship it follows that a 
momentum measurement of high accuracy made during a short time (i.e. with Ap 
and At both small) can occur only if there is a large change in the velocity as a 
result of the measurement process itself. In the non-relativistic theory, this showed 
that the measurement of momentum cannot be repeated at short intervals of time, 
but it did not at all diminish the possibility, in principle, of making a single 
measurement of the momentum with arbitrarily high accuracy, since the difference 
v'—v could take any value, no matter how large. 

The existence of a limiting velocity, however, radically alters the situation. The 
difference v’— v, like the velocities themselves, cannot now exceed c (or rather 2¢). 
Replacing v’— v in (1.1 by c, we obtain 


ApAt ~ hic, (1.2) 


which determines the highest accuracy theoretically attainable when the momen- 
tum is measured by a process occupying a given time At. In the relativistic theory, 
therefore, it is in principle impossible to make an arbitrarily accurate and rapid 
measurement of the momentum. An exact measurement (Ap — 0) Is possible only in 
the limit as the duration of the measurement tends to infinity. 

There is reason to suppose that the concept of measurability of the electron 
coordinate itself must also undergo modification. In the mathematical formalism of 
the theory, this situation is shown by the fact that an accurate measurement of the 
coordinate is incompatible with the assertion that the energy of a free particle is 
positive. It will be seen later that the complete set of eigenfunctions of the 
relativistic wave equation of a free particle includes, as well as solutions having the 
‘correct’ time dependence, also solutions having a ‘negative frequency’. These 
functions will in general appear in the expansion of the wave packet corresponding 
to an electron localized in a small region of space. 

It will be shown that the wave functions having a “negative frequency” 
correspond to the existence of antiparticles (positrons). The appearance of these 
functions in the expansion of the wave packet expresses the (in general) inevitable 
production of electron—positron pairs in the process of measuring the coordinates 
of an electron. This formation of new particles in a way which cannot be detected 
by the process itself renders meaningless the measurement of the electron coor- 
dinates. 

In the rest frame of the electron, the least possible error in the measurement of 
its coordinates is 


Aq ~ hime. (1.3) 


This value (which purely dimensional arguments show to be the only possible one) 
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corresponds to a momentum uncertainty Ap ~ mc, which in turn corresponds to the 
threshold energy for pair production. 

In a frame of reference in which the electron is moving with energy e, (1.3) 
becomes 


Aq ~ ch/e. (1.4) 


In particular, in the limiting ultra-relativistic case the energy 1s related to the 
momentum by e ~ cp, and 


Aq ~ hip, (1.5) 


1.e. the error Aq is the same as the de Broglie wavelength of the particle.t 

For photons, the ultra-relativistic case always applies, and the expression (1.5) 
is therefore valid. This means that the coordinates of a photon are meaningful only 
in cases where the characteristic dimensions of the problem are large in com- 
parison with the wavelength. This is just the ‘‘classical’’ limit, corresponding to 
geometrical optics, in which radiation can be said to be propagated along definite 
paths or rays. In the quantum case, however, where the wavelength cannot be 
regarded as small, the concept of coordinates of the photon has no meaning. We 
shall see later (§4) that, in the mathematical formalism of the theory, the fact that 
the photon coordinates cannot be measured is evident because the photon wave 
function cannot be used to construct a quantity which might serve as a probability 
density satisfying the necessary conditions of relativistic invariance. 

The foregoing discussion suggests that the theory will not consider the time 
dependence of particle interaction processes. It will show that in these processes 
there are no characteristics precisely definable (even within the usual limitations of 
quantum mechanics); the description of such a process as occurring in the course 
of time is therefore just as unreal as the classical paths are in non-relativistic 
quantum mechanics. The only observable quantities are the properties (momenta, 
polarizations) of free particles: the initial particles which come into interaction, and 
the final particles which result from the process (L. D. Landau and R. E. Peierls, 
1930). 

A typical problem as formulated in relativistic quantum theory is to determine 
the probability amplitudes of transitions between specified initial and final states 
(t > +) of a system of particles. The set of such amplitudes between all possible 
states constitutes the scattering matrix or S-matrix. This matrix will embody all the 
information about particle interaction processes that has an observable physical 
meaning (W. Heisenberg, 1938). 

There is as yet no logically consistent and complete relativistic quantum theory. 
We shall see that the existing theory introduces new physical features into the 
nature of the description of particle states, which acquires some of the features of 


+ The measurements in question are those for which any experimental result yields a conclusion 
about the state of the electron; that is, we are not considering coordinate measurements by means of 
collisions, when the result does not occur with probability unity during the time of observation. 
Although the deflection of a measuring-particle in such cases may indicate the position of an electron, 
the absence of a deflection tells us nothing. 
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field theory (see §10). The theory is, however, largely constructed on the pattern of 
ordinary quantum mechanics. This structure of the theory has yielded good results 
in quantum electrodynamics. The lack of complete logical consistency in this 
theory is shown by the occurrence of divergent expressions when the mathematical 
formalism is directly applied, although there are quite well-defined ways of elli- 
minating these divergences. Nevertheless, such methods remain, to a considerable 
extent, semiempirical rules, and our confidence in the correctness of the results is 
ultimately based only on their excellent agreement with experiment, not on the 
internal consistency or logical ordering of the fundamental principles of the theory. 


CHAPTER I 


PHOTONS 


§2. Quantization of the free electromagnetic field 


WITH the purpose of treating the electromagnetic field as a quantum object, it ts 
convenient to begin from a classical description of the field in which it ts 
represented by an infinite but discrete set of variables. This description permits the 
immediate application of the customary formalism of quantum mechanics. The 
representation of the field by means of potentials specified at every point in space 
is essentially a description by means of a continuous set of variables. 

Let A(r, t) be the vector potential of the free electromagnetic field, which 
satisfies the ‘‘transversality condition” 


div A = 0. (2.1) 
The scalar potential ® = 0, and the fields E and H are 
E=-A, H=curlA. (2.2) 
Maxwell’s equations reduce to the wave equation for A: 
AA-— d’A/at? = 0. (2.3) 
In classical electrodynamics (see Fields, §52) the change to the description by 
means of a discrete set of variables is brought about by considering the field in a 
large but finite volume V.f The following is a brief résumé of the argument. 


The field in a finite volume can be expanded in terms of travelling plane waves, 
and its potential is then represented by a series 


A=> (a,e* '+ate™), (2.4) 
k 


where the coefficients a, are functions of the time such that 
a,.~ em. w= k|. (2.5) 
The condition (2.1) shows that the complex vectors a, are orthogonal to the 


corresponding wave vectors: a, ° k= 0. 
The summation in (2.4) is taken over an infinite discrete set of values of the 


t We shall take V = 1, in order to reduce the number of factors in the formulae. 
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wave vector (i.e. of its components k,, k,, k,). The change to an integral over a 
continuous distribution may be made by means of the expression d*k/(27r)’ for the 
number of possible values of k belonging to the volume element d°’k = dk,dk,dk, in 
k-space. 

If the vectors a, are specified, the field in the volume considered is completely 
determined. Thus these quantities may be regarded as a discrete set of classical 
‘field variables’’. In order to explain the transition to the quantum theory, however, 
a further transformation of these variables 1s needed, whereby the field equations 
take a form analogous to the canonical equations (Hamilton’s equations) of 
classical mechanics. The canonical field variables are defined by 


__ |i * 
Q. = V (4m) (ant ab)» a 


PR, = Teeny -ai)= Q., 


and are evidently real. The vector potential is expressed in terms of the canonical 
variables by 


A=V(47) > (a cos k-r- + P, sink - r). (2.7) 
k 
To find the Hamiltonian H, we must calculate the total energy of the field, 
ik: | (E? + H’) d’x, 
8 tr 


and express it in terms of the Q, and P,. When A is written as the expansion (2.7), 
and E and H are found from (2.2), the result of the integration is 


H =a (Py + w’Qi). 


Each of the vectors P, and Q, is perpendicular to the wave vector k, and 
therefore has two independent components. The direction of these vectors deter- 
mines the direction of polarization of the corresponding wave. Denoting the two 
components of the vectors Q, and P, (in the plane perpendicular to k) by Qka, Pra 
(a = 1, 2), we can write the Hamiltonian as 


H = >) (Pia + w’Qia). (2.8) 
ka 


Thus the Hamiltonian is the sum of independent terms, each of which contains 
only one pair of quantities Q,,, Py. Each such term corresponds to a travelling 
wave with a definite wave vector and polarization, and has the form of the 
Hamiltonian for a one-dimensional harmonic oscillator. This expansion is therefore 
often referred to as an oscillator expansion of the field. 
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Let us now consider the quantization of the free electromagnetic field. The 
classical description of the field given above makes the manner of transition to the 
quantum theory obvious. We have now to use canonical variables (generalized 
coordinates Q,, and generalized momenta P,,) as operators, with the commutation 
rule 


Py. Qko _ OxaP io = =i; (2.9) 


operators with different values of k and a always commute. The potential A and, 
according to (2.2), the fields E and H likewise become (Hermitian) operators. 

The consistent determination of the Hamiltonian requires the calculation of the 
integral 


A= | (E+ HY) dx, (2.10) 


in which E and H are expressed in terms of P,,. and Qa: However, the fact that the 
latter do not commute is actually unimportant, since the products O,.Px. appear 
multiplied by cosk-rsink:+r, which becomes zero on integration over the whole 
volume. The resulting expression for the Hamiltonian is therefore 


H = 2, (Pig + w’Qia), (2.11) 


which is, as we might have expected, exactly the same in form as the classical 
Hamiltonian. 

The determination of the eigenvalues of this Hamiltonian involves no further 
calculation, since it is equivalent to the familiar problem of the energy levels of 
linear oscillators (QM, §23). We can therefore immediately write down the field 
energy levels: 


E=> (Nia + 4a, (2.12) 
k,a 


where the N,,. are integers. 

The further discussion of this formula will be left until §3; here we shall write 
out the matrix elements of the quantities Q,,, which can be done at once by means 
of the known formulae for the matrix elements of. the coordinates of an oscillator 
(see QM, §23). The non-zero matrix elements are 


(Nal Qkal Nica _ 1) ma (Nxa _ 1] Qka|Nxa) 
= ViNval20). (2.13) 


The matrix elements of the quantities P,. = Qy. differ from those of Q,, only by a 
factor +iw. | | 

In subsequent calculations, however, it will be more convenient to replace the 
quantities Q,, and P,,. by the linear combinations wQ,, + iPx., Which have non-zero. 
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matrix elements only for transitions Ny. — Ny. + 1. We therefore define the opera- 
tors 


(2.14) 


the classical quantities c,,, c#, are the same, apart from a factor V(27/w), as the 
coefficients a,,., af, in the expansion (2.4). The matrix elements of these operators 
are 


(Nixa = LCxa|Nka) = (Nual€ kal Nia - 1) 
= V No: (2.15) 


The commutation rule for ¢,, and é,, is obtained by using the definitions (2.14) and 
the rule (2.9): 


A A+ 


Ckal ka — € kaCka = I. (2.16) 


For the vector potential, we return to an expansion of the type (2.4), but with 
operator coefficients, writing it in the form 


A= > (écaAna + Ch AK), (2.17) 
kia 
where 
\/ en ik-r 
A.. = V(477) oye (2.18) 


The symbol e denotes the unit vectors in the direction of polarization of the 
oscillators; these vectors are perpendicular to the wave vector k, and for every k 
there are two independent polarizations. 

Similarly, for the operators E and H we write 


E = »; (Cha Eka a Cy Ei), 
k,a 
(2.19) 
H = Ss (Ca Ha 2 €, HE), 
k,a 
with 
Ex. = iw Aas H,.. =nx Ex. n= k/w. (2.20) 


The vectors A,, are mutually orthogonal, in the sense that 


| Ay. Ata d?x = 22 ee (2.21) 
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For, if A,, and Ax, belong to different wave vectors, then their product contains a 
factor e‘““)'", which gives zero on integration over the volume; if they differ only 
in polarization, e‘”’- e* = 0, since the two independent directions of polarization 
are mutually orthogonal. Similar arguments apply to the vectors E,, and Hy. They 
are conveniently normalized by imposing the condition 


= | (Exo * Efa: + Ha + Hifa’) d°x = 0814 8.0 - (2.22) 


Substituting the operators (2.19) in (2.10), and carrying out the integration by 
means of (2.22), we obtain the field Hamiltonian expressed in terms of the 
operators ¢, ¢”: 


H = 3 jw (Challe + ChaCha): (2.23) 
k,a 


This operator is diagonal in the representation considered (the matrix elements of 
the operators ¢ and ¢* being given by (2.15)), and its eigenvalues are of course 
(2.12). 

In the classical theory, the field momentum is defined as the integral 


p=7- | ExHd’s, 
An | 


In changing to the quantum theory, we replace E and H by the operators (2.19), and 
thus easily find 


P= > (Pi, + w?Q2.)n, (2.24) 
k,a 


in agreement with the familiar classical relationship between the energy and 
momentum of plane waves. The eigenvalues of this operator are 


P= > k(Nxa + 4). (2.25) 


The representation of operators by means of the matrix elements (2.15) is the 
‘occupation number representation’’, corresponding to the description of the state 
of a system (the: field) by specifying the quantum numbers N,, (the occupation 
numbers). In this representation the field operators (2.19), and therefore the 
Hamiltonian (2.11), act on the wave function of the system, expressed in terms of 
the numbers N,,; let this be P(N,., t). The field operators (2.19) are not explicit 
functions of the time. This corresponds to the customary Schr6dinger represen- 
tation of operators in non-relativistic quantum mechanics. The state of the system, 
®(N,., t), does depend on the time, and this dependence is governed by 
Schr6dinger’s equation, 


idd/at = HO. 
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This description of the field is, by its nature, relativistically invariant, since it is 
based on the invariant Maxwell’s equations. But this invariance is not explicitly 
shown, primarily because the space coordinates and the time appear in the 
description in a highly asymmetric manner. 

In relativistic theory, it is convenient to put the description in a form which ts 
more obviously invariant. To do so, we must use what is called the Heisenberg 
representation, in which the explicit time dependence is transferred to the opera- 
tors themselves (see QM, $13). Then the time and the coordinates will appear on an 
equal footing in the expressions for the field operators, and the state of the system, 
®, will depend only on the occupation numbers. 

For the operator A, the change to the Heisenberg representation amounts to 
replacing the factor e’* "in each term of the sum (2.17) by e'“'""*”, i.e. to regarding 
the Ay, as the time-dependent functions 


(a) 
Aga = V(47) Ga etek, (2.26) 
(2) 
This is easily proved by noticing that the matrix element of the Heisenberg 
operator for the transition i> f must include a factor exp {—i(E; — E,)t}, where E; 
and E, are the energies of the initial and final states (see QM, §13). For a transition 
in which N, decreases or increases by 1, this factor becomes e “” or e‘” respec- 
tively, a condition which is satisfied by effecting the change mentioned above. 
Henceforward, in discussing both the electromagnetic field and particle fields, 


we shall always assume that the Heisenberg representation of operators is used. 


§3. Photons 


We shall now further analyse the field quantization formulae obtained in §2. 

First of all, formula (2.12) for the field energy raises the following difficulty. The 
lowest energy level of the field corresponds to the case where the quantum 
numbers N,, of all the oscillators are zero; this is called the electromagnetic field 
vacuum state. But, even in that state, each oscillator has a non-zero “‘zero-point 
energy” equal to 3w. Summation over an infinite number of oscillators then gives an 
infinite result. Thus we meet with one of the ‘divergences’ which are due to the 
fact that the present theory is not logically complete and consistent. 

So long as only the field energy eigenvalues are under discussion, we can 
remove this difficulty by simply striking out the zero-point oscillation energy, 1.e. 
by writing the field energy and momentum ast 


E= > Nya, P= > Ny. k. (3.1) 
k,a k,a 


t This procedure can be formally carried out without contradiction if we agree to regard the 
products of operators in (2.10) as “normal” products, that is, as products in which the operators ¢* are 
always placed to the left of the operators é. Then formula (2.23) becomes 


A atioia 
H = 2 WE kaCka- 
.a 


§3 Photons 11 


These formulae enable us to introduce the concept of radiation quanta or 
photons, which is fundamental throughout quantum electrodynamics.t We may 
regard the free electromagnetic field as an ensemble of particles each with energy w 
(=hw) and momentum k (=nhw/c). The relationship between the photon energy 
and momentum is as it should be in relativistic mechanics for particles having zero 
rest-mass and moving with the velocity of light. The occupation numbers N,, now 
represent the numbers of photons having given momentum k and polarization e™. 
The polarization of the photon is analogous to the spin of other particles; the exact 
properties of the photon in this respect will be discussed in §6 below. 

It is easily seen that the whole of the mathematical formalism developed in §2 is 
fully in accordance with the representation of the electromagnetic field as an 
ensemble of photons; it is just the second quantization formalism, applied to the 
system of photons.} In this treatment (see QM, 864), the independent variables are 
the occupation numbers of the states, and the operators act on functions of these 
numbers. The particle ‘‘annihilation” and ‘“‘creation” operators are of basic im- 
portance; they respectively decrease and increase by one the occupation numbers. 
The ¢,. and ¢,, are operators of this kind: ¢,, annihilates a photon in the state k, a, 
and ¢,, creates a photon in that state. 

The commutation rule (2.16) corresponds to particles which obey Bose statis- 
tics. Photons, therefore, are bosons, as was to be expected, since the number of 
photons that can be in any one state must be unrestricted. The significance of this 
will be further discussed in §5. 

The plane waves A,, (2.26) which appear in the operator A (2.17) as coefficients 
of the photon annihilation operators may be treated as the wave functions of 
photons having given momenta k and polarizations e’. This corresponds to an 
expansion of the w-operator in terms of the wave functions of stationary states of a 
particle in the non-relativistic second quantization formalism; however, unlike the 
latter, the expansion (2.17) includes both particle annihilation and particle creation 
operators. The meaning of this difference is explained in §12. 

The wave function (2.26) 1s normalized by the condition 


| = (Ex.|’ ai Hy") d°x = WwW. (3.2) 


This is the normalization to ‘‘one photon in the volume V = 1”: the integral on the 
left is the quantum-mechanical mean value of the photon energy in the state having 
the given wave function. § The right-hand side of (3.2) is just the energy of a single 
photon. 

The ‘‘Schrédinger’s equation” for the photon is represented by Maxwell’s 
equations. In the present case (when the potential A(r, t) satisfies the condition 


+ This concept is originally due to A. Einstein (1905). 

¢ The application of the second quantization method to the theory of radiation was first worked out 
by P. A. M. Dirac (1927). 

§ It should be noted that the factor 1/47 in the integral (3.2) is twice the usual factor 1/87 (2.10). 


This is ultimately due to the fact that the vectors Ex., Hxa are complex, whereas the field operators E, H 
are Hermitian. 
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(2.1)), this leads to the wave equation: 
a°*A/at?- AA=0. 


The ‘‘wave functions” of the photon, in the general case of arbitrary stationary 
states, are complex solutions of this equation, whose time dependence is given by 
the factor e. 

In referring to the photon wave function, we must again emphasize that this can 
not be regarded as the probability amplitude of the spatial localization of the 
photon, in contrast to the fundamental significance of the wave function in 
non-relativistic quantum mechanics. This is because, as has been shown.in §1, the 
concept of the coordinates of the photon has no physical meaning. The mathema- 
tical aspect of this situation will be further discussed at the end of 84. 

The components of the Fourier expansion of the function A(r, t) with respect to 
the coordinates form the wave function of the photon in the momentum represen- 
tation; we denote this by A(k, t) = A(k) e ““. For example, in a state with a given 
momentum k and polarization e'*’, the wave function in the momentum represen- 
tation is given simply by the coefficient of the exponential factor in (2.26): 


(a) 
A, (k', «') = V(4rr) on Sato. (3) 


Since the momentum of a free particle is measurable, the wave function in the 
momentum representation has a more profound physical significance than that in 
the coordinate representation: it enables us to calculate the probabilities w,, of 
various values of the momentum and polarization of a photon in a specified state. 
According to the general rules of quantum mechanics, w,, is given by the square of 
the modulus of the corresponding coefficient in the expansion of the function A(k’) 
in terms of the wave functions of states with given k and e“’: 

2 


Wha & | >, Ad (K’, a’) + ACK’) 
k', a’ 


the proportionality coefficient depending on the way in which the functions are 
normalized. Substitution of (3.3) gives 


Wra & le?) > A(k)I?. (3.4) 


Summation over the two polarizations gives the probability that the photon 
momentum is k: 


w, « |A(k)|’. (3.5) 
§4. Gauge invariance 


The field potential in classical electrodynamics is well known to be subject to an 
arbitrary choice: the components of the 4-potential A, can undergo any gauge 
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transformation of the form 
A, > A, + 0.x; (4.1) 


where y is any function of coordinates and time (see Fields, §18). | 

For a plane wave, if we consider only transformations which do not change the 
form of the potential (proportional to exp (—ik,x")), the freedom of choice reduces 
to the possibility of adding to the wave amplitude any 4-vector proportional to k”*. 

This arbitrariness in the potential persists in the quantum theory, of course, 
where it relates to the field operators or to the wave functions of photons. In order 
not to prejudice the choice of the potentials, we must replace (2.17) by the 
corresponding expansion for the operator 4-potential, 


A“ => (€.At. + €f, Ak*), (4.2) 


k,a 


where the wave functions A{, are 4-vectors of the form 


e” e ikx’ 


At = V(47) Qo) 


Ge rae =k, 
or more concisely, omitting the four-dimensional vector indices, 


A, = V (47) ey ek pgk# = —], (4,3) 


Here the 4-momentum k*“ =(w, k) (and so kx =wt—k-r), and e is the unit 
polarization 4-vector.t 

If we consider only gauge transformations which do not alter the dependence of 
the function (4.3) on the coordinates and the time, the transformation must be 


e, > e, + xk,, (4.4) 


where x = x(k“) is an arbitrary function. Since the polarization is transverse, it is 
always possible to choose a gauge such that the 4-vector e is 


e’ = (0,e), e-k=0; (4.5) 


this will be called the three-dimensionally transverse gauge. In invariant four- 
dimensional form, this condition becomes the condition of four-dimensional 
transversality 


ek = 0. (4.6) 


t The expression (4.3) is not in a fully relativistic-covariant (4-vector) form; this is because the 
normalization to a finite volume V = 1, used here, is not invariant. This is, however, of no fundamental 
importance, and is entirely compensated by the advantages of the normalization used. We shall see later 
that it allows a simple and straightforward deduction of actual physical quantities in the necessary 
invariant form. 
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It should be noticed that this condition (like the normalization condition 
ee* = —1) is preserved by the transformation (4.4), since k? = 0. If the square of the 
4-momentum of a particle is zero, its mass must also be zero. This demonstrates 
the relationship between gauge invariance and the zero mass of the photon. Other 
aspects of the relationship will be discussed in $14. 

There can be no change in any measurable physical quantities under a gauge 
transformation of the wave functions of photons concerned in a process. In 
quantum electrodynamics this requirement of gauge invariance is of even greater 
importance than in the classical theory. We shall see many examples of the fact 
that gauge invariance is here, like relativistic invariance, a valuable heuristic 
principle. 

Gauge invariance 1s, in turn, closely related to the law of conservation of 
electric charge. This aspect will be discussed in $43. | 

It has already been mentioned in §3 that the coordinate wave function of the 
photon cannot be interpreted as the probability amplitude of its spatial localization. 
Mathematically, this is shown by the impossibility of constructing from the wave 
function any quantity which has even the formal properties of a probability 
density. Such a quantity would have to be expressed as a positive-definite bilinear 
combination of the wave function A, and its complex conjugate. Moreover, it 
would have to satisfy certain conditions of relativistic covariance by being the time 
component of a 4-vector. This is because the continuity equation, which expresses 
the conservation of the number of particles, is given in four-dimensional form by 
the vanishing of the divergence of the current 4-vector. The time component of the 
current is here the particle localization probability density; see Fields, §29. On the 
other hand, by the condition of gauge invariance, the 4-vector A, could appear in the 
current only as the antisymmetric tensor F,, = 0,A, — 0,A, = —i(k,A, — k,A,). Thus 
the current 4-vector would have to be a bilinear combination of F,, and F*, (and 
the components of the 4-vector k,,). But such a 4-vector cannot be formed, since 
every expression (such as k*F*,F x) which satisfies the conditions stated is zero by 
the transversality condition (k*F,, =0), and in any case could not be positive- 
definite, since it contains odd powers of the components k,,. 


§5. The electromagnetic field in quantum theory 


The description of the field as an ensemble of photons is the only description 
that fully accords with the physical significance of the electromagnetic field in 
quantum theory. It replaces the classical description in terms of field strengths. 
These appear in the mathematical formalism of the photon picture as second 
quantization operators. 

The properties of a quantum system are known to be similar to the classical 
properties when the quantum numbers defining the stationary states of the system 
are large. For a free electromagnetic field (in a given volume) this means that the 
oscillator quantum numbers, j.e. the photon numbers N,,, must be large. In this 
respect the fact that photons obey Bose statistics is of great importance. In the 
mathematical formalism of the theory, the relationship of the Bose statistics to the 
properties of the classical field is shown by the commutation rules for the operators 
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Cxas Cha. When the N,, are large, and the matrix elements of these operators are 
therefore large also, we may neglect unity on the right-hand side of the com- 
mutation rule (2.16), obtaining 


A A + A+ A 5 
Chalka ~ Ckalkas 


these operators thus become the commuting classical quantities c,, and c*,, which 
determine the classical field strengths. 

The condition for the field to be quasi-classical needs to be made more precise, 
however, since, if all the numbers N,, are large, the energy of the field is certainly 
infinite on summation over all the states k, a, and the condition then becomes 
meaningless. 

A physically meaningful statement of the problem as to the conditions for a 
quasi-classical field can be based on a consideration of values of the field averaged 
over some short time interval At. If the classical electric field E (or magnetic field 
H) is represented as a Fourier integral expansion with respect to the time, then, 
when it is averaged over the time interval At, only those Fourier components 
whose frequencies are such that wAt < 1 will make a significant contribution to the 
mean value E, since otherwise the oscillating factor e “’ almost vanishes on 
averaging. Thus, in determining the condition for the averaged field to be quasi- 
classical, we need consider only those: quantum oscillators whose frequency 
w <1/At. It is sufficient that the quantum numbers of these oscillators should be 
large. 

The number of oscillators having frequencies between zero and w ~ 1/At (fora 
volume V = 1) 1s, in order of magnitude,t 


(wic) ~ If(cAty’. (5.1) 


The total field energy per unit volume is proportional to E’. Dividing this by the 
number of oscillators and by some mean value of the energy of a single photon 
(~ hw), we find as the order of magnitude of the numbers of photons 


N, Saree E’c3/hw’. 
With the condition that this number should be large, we obtain the inequality 
IE| > V(fic)/(c At)’. (5.2) 


This is the required condition, which allows the field averaged over time 
intervals At to be treated as classical. We see that the field must reach a certain 
strength, which increases as the averaging time At decreases. For variable fields, 
this time must not, of course, exceed the time during which the field changes 
appreciably. Thus variable fields, if sufficiently weak, can never be quasi-classical. 
Only for static (time-independent) fields can we make At >, so that the right-hand 
side of the inequality (5.2) tends to zero. Thus a static field is always classical. 


+ In this section, ordinary units are used. 
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It has already been mentioned that the classical expressions for the elec- 
tromagnetic field as a superposition of plane waves must be regarded in quantum 
theory as operator expressions. These operators, however, have only a very limited 
physical meaning. A physically meaningful field operator would have to give zero 
field values in the photon vacuum state, whereas the mean value of the squared 
field operator E’ in the ground state, which is the same as ihe zero-point energy of 
the field apart from a factor, is infinite; by the “mean value” is meant the 
quantum-mechanical mean value, i.e. the corresponding diagonal matrix element of 
the operator. This infinity cannot be avoided even by any formal cancelling 
operation (as was done for the field energy), since here this would have to be 
carried out by means of some appropriate modification of the operators E and H 
themselves (not their squares), which is impossible. 


§6. The angular momentum and parity of the photon 


The photon, like any other particle, can possess a certain angular momentum. In 
order to determine the properties of this quantity for the photon, let us first recall 
the relationship between the properties of the wave function of a particle and the 
angular momentum of the particle, in the mathematical formalism of quantum 
mechanics. 

The angular momentum j of a particle consists of its orbital angular momentum 
1 and its intrinsic angular momentum or spin s. The wave function of a particle 
having spin s is a symmetrical spinor of rank 2s, i.e. is a set of 2s + 1 components 
which are transformed into definite combinations of one another when the coor- 
dinate axes are rotated. The orbital angular momentum is related to the way in 
which the wave functions depend on the coordinates: states with orbital angular 
momentum [| correspond to wave functions whose components are linear com- 
binations of the spherical harmonic functions of order I. 

The consistent distinguishability of the spin and the orbital angular momentum 
therefore requires that the “‘spin’’ and ‘‘coordinate”’ properties of the wave func- 
tions should be independent of each other: the dependence of the spinor com- 
ponents on the coordinates (at a given instant) must not be subject to any 
additional restrictions. 

In the momentum representation of the wave functions, their dependence on 
the coordinates is replaced by their dependence on the momentum k. The photon 
wave function (in the three-dimensionally transverse gauge) is the vector A(k). A 
vector is equivalent to a spinor of rank 2, and in this sense the photon might be said 
to have spin 1. But this vector wave function satisfies the transversality condition, 
k - A(k) =0, which is a further condition imposed on the function A(k). Con- 
sequently, this function cannot be arbitrarily specified as regards every component 
of the vector at the same time, and therefore the orbital angular momentum and the 
spin cannot be strictly distinguished. 

The definition of the spin as the angular momentum of a particle at rest is also 
inapplicable to the photon, because there is no rest frame for a photon, which 
moves with the velocity of light. 
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Thus only the total angular momentum of the photon has a meaning. It is, 
moreover, obvious that this total angular momentum must be integral, since the 
quantities describing the photon do not include any spinors of odd rank. 

The state of a photon, like that of any particle, is also described by its parity, 
which refers to the- behaviour of the wave function under inversion of the 
coordinates (see QM, §30). In the momentum representation, the change of sign of 
the coordinates is replaced by the change of sign of all the components of k. The 
effect of the inversion operator P on a scalar function $(k) is simply to produce 
this change of sign: P#(k) = 6(—k). When it is applied to a vector function A(k), we 
must also take into account the fact that the reversal of the directions of the axes 
changes the sign of all the components of the vector; hencet 


P A(k) = —A(—k). (6.1) 


Although the separation of the angular momentum of the photon into the orbital 
angular momentum and the spin has no physical meaning, it is nevertheless 
convenient to define a “spin” s and an “‘orbital angular momentum” | as formal 
auxiliary quantities which express the transformation properties of the wave 
function under rotations: the value s = 1 corresponds to the fact that the wave 
function is a vector, and the value of | is the order of the spherical harmonics 
which occur in the wave function. Here we are considering the wave functions of 
states in which the photon angular momentum has a definite value; for a free 
particle, these are spherical waves. The number I, in particular, defines the parity of 
the photon state, which 1s 


P =(-1)"*'. (6.2) 


In the same way, the angular momentum operator j may be represented as the 
sum § +1. The operator j is related to the operator of an infinitesimal rotation of the 
coordinates, or, in the present case, to the action of this operator on a vector field. 
In the sum §+1, the operator § acts on the vector index, transforming the 
components of the vector into combinations of one another. The operator I acts on 
these components as functions of the momentum (or of the coordinates). 

We may count the number of states (with a given energy) which are possible for 
a given value j of the photon angular momentum, ignoring the trivial (2j + 1)-fold 
degeneracy with respect to the directions of the angular momentum. 

When I and s are independent, this calculation is made by simply counting the 
number of ways in which the angular momenta I and s can be added, according to 
the rules of the vector model, so as to obtain the required value of j. For a particle 


+ We shall choose to define the parity of a state according to the effect of the inversion operator ona 
polar vector, such as A (or the corresponding electric vector E = iwA). This differs in sign from the 
effect on the axial vector H = ik x A, since the direction of such a vector is unaltered by inversion: 


PH(k) = H(-k). 
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with spin s = 1, and a given non-zero value of j, this would give three states, with 
the following values of | and the parity P: 


t= j, P=(-1"'=(-1)"'; 


[=j+l,  P=(-1*'=(-1). 


If j = 0, however, only one state is obtained, with | = 1 and parity P = +1. 

In this calculation the condition that the vector A is transverse has not been 
taken into account; all its three components have been assumed to be in- 
dependent. We must therefore subtract, from the numbers of states found above, 
the numbers of states which correspond to a longitudinal vector. This vector may 
be written in the form kd(k), whence we see that its three components are 
equivalent, as regards their transformation properties (under rotations), to a single 
scalar @.{ We can therefore say that the extra state which is incompatible with the 
transversality condition would correspond to the state of a particle having a scalar 
wave function (spinor of rank 0), i.e. having “spin zero’’.t The angular momentum j 
of this state is therefore equal to the order of the spherical harmonics which occur 
in @. The parity of the state as a state of the photon is determined by the action of 
the inversion operator on the vector function kd: 


P(kd) = —(—k)¢(—k) = (- 1k (hy), 


and is therefore (— 1)’. Thus we must subtract one from the number of states found 
above which have the parity (— 1)’, i.e. two for j# 0 and one for j = 0. 

The conclusion is, then, that when the photon angular momentum j is non-zero 
there is one even state and one odd state. When j = 0, no states exist. This means 
that a photon cannot have zero angular momentum; j therefore takes only the 
values 1,2,3,.... The impossibility of j =0 is evident a priori, since the wave 
function of a‘state with zero angular momentum must be spherically symmetrical, 
and this cannot be true for a transverse wave. 

The following terminology is customary to denote the various states of the 
photon. A photon with angular momentum j and parity (—1)! is called an electric 
2'-pole (or Ej) photon; one with parity (—1)’*' is called a magnetic 2/-pole (or Mj) 
photon. For example, an odd state with j = 1 corresponds to an electric dipole 
photon, an even state with j = 2 to an electric quadrupole photon, and an even state 
with j = 1 to a magnetic dipole photon.§ 


t This is because the transformation of a quantity under rotation is a transformation at a given point, 
i.e. for a given value of k. Under such a transformation, k@(k) is unchanged, 1.e. it behaves as a scalar. 

t It should be again emphasized that this does not refer to a state of an actual particle. The 
calculation given here is a formal one, and amounts mathematically to a classification of the set of 
quantities which are transformed into combinations of one another, in terms of the irreducible 
representations of the rotation group. 

§ This nomenclature corresponds to the terminology of classical radiation theory; we shall see later 
(§§46, 47) that the emission of electric and magnetic photons is governed by the electric and magnetic 
moments of a system of charges. 
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§7. Spherical waves of photons 


Having ascertained the possible values of the photon angular momentum, we 
must now determine the corresponding wave functions.f 

Let us first consider the formal problem of determining vector functions which 
are eigenfunctions of the operators j’ and j,, without deciding as yet which of these 
functions will appear in the desired photon wave functions, and without taking 
account of the transversality condition. 

We shall look for the functions in the momentum representation. In this 
representation, the coordinate operator is f = id/dk (see QM, (15.12)). The orbital 
angular momentum operator is 


{| ="xk=—ik x d/dk, 


and therefore differs from the angular momentum operator in the coordinate 
representation only in that r is replaced by k. The solution of the problem is thus 
formally identical in the two representations. 

Let the required eigenfunctions be denoted by Yj, and referred to as spherical 
harmonic vectors. They must satisfy the conditions 


VY¥im =JG+)YVimy 1: Yim = MY jms (7.1) 


the z-axis being in a specified direction in space. We shall show that these 
conditions are satisfied by any function of the form aYjm, where a is any vector 
formed from the unit vector n=k/w, and Yj, are the ordinary (scalar) spherical 
harmonic functions. The latter will everywhere be defined as in QM, §28: 


Yin(n) = (—1)8r+im0j! {EF DA |)! imiccos 9) cme, (7.2) 


4m(1+|m})! 


where 6 and @ are the spherical polar angles of the direction n.t 
The proof is based on the commutation rule 


{[,, ax}- = 1€jx1Q) 


(QM, (29.4)). The right-hand side may be written as — S;a,, where § is the operator of 
spin 1; the effect of this operator on a vector function is in fact given by 
§;a, = —iewwa; (see QM, §57, Problem 2). Hence 


A aA 


la, — axl = — $a, 


t This problem was first discussed by W. Heitler (1936). The solution given here is due to V. B. 
Berestetskil (1947). 


¢ For future reference, the value of the function when 6 = 0 (n is along the z-axis) is 


4 f2l+1 
Yim(nz =i'J a 5mo- (7.2a) 
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and therefore 
jai = (I, + $;)ax =o ali. 
Consequently 
y(aY jn) = al? Yas j:(a Xn) a al. Yim: 

Since the spherical harmonic Yjm is the eigenfunction of the operators I? and 1, 
which corresponds to the respective eigenvalues j(j+1) and m, we arrive at 
equations (7.1). 


The three essentially different types of spherical harmonic vectors are obtained 
by taking as the vector a the three following vectors:t 


Va nX Va n (7.3) 
VG + DY ViiG+ Dy) 


The spherical harmonic vectors are thus defined as 


l 

Y= — VY P=(-1); 

m= TiqG+ by)" (“D 
Yi =nx Ve, P =(-1)"*': (7.4) 

Y! =nYim, P =(-lyi 


The parity P is also shown for each vector. The three vectors are orthogonal, Yi, 
being longitudinal and Y‘? and Y‘"? transverse with respect to n. 

The spherical harmonic vectors can be expressed in terms of the scalar 
spherical harmonics: Y‘") in terms of spherical harmonics of the order | =j only, 
and Y‘*) and Y$) in terms of those of order | = j + !. This is immediately evident on 
comparing the parities shown in (7.4) with the parity (—1)'*' of a vector field in 
terms of the order of the spherical harmonics concerned. 


The spherical harmonic vectors of any one type are orthonormal: 
[ Yin ; Ye do = OF Onin’ (7.5) 


For the vectors Y$? this is obvious from the normalization condition for the 


t The operator V,=[k/Vx, and acts on functions which depend only on the direction of n. In 
spherical polar coordinates its two components are 


a 1 a4 
Va = Waeinlgt toe Ste es ite 
(= sin @ 7" 
The operator denoted below by A,is the angular part of the Laplacian operator: 


a ee i- o 
Bete ee ie) eee 
As Sap 36 (Si 8 35) sin’ 0 ad" 
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spherical harmonics Yjm. For the vectors Yj, the normalization integral is 


I * nee wee * 
at | %¥i VAY} do = Ga 5 | Y fmLn Yjm do, 
and, since AnYjm = -~jqj +1) Yim, equation (7.5) follows. The normalization for the 
vectors Y‘n,’ leads to a similar integral. 

The spherical harmonic vectors (7.4) could also be derived without the direct 
verification of equations (7.1) that has been carried out above, using only general 
arguments concerning the transformational properties of functions. In §6, these 
arguments were employed to show that a vector function n@ corresponds to an 
angular momentum j which is the same as the order of the spherical harmonics 
occurring in @. If we put simply @ = Yjm, the function n@ will also correspond to a 
definite value m of the angular-momentum component. Thus we derive at once the 
spherical harmonic vectors Y$,,. But the discussion of transformational properties 
in §6 is unaffected if the factor n in the product n@ 1s replaced by the vector V, or 
by nx V,. This leads to the other two types of spherical harmonic vectors. 

Let us now consider the photon wave functions. For an electric photon of type 
Ej, the parity of the vector A(k) is (—1)’. The spherical harmonic vectors Y‘) and 
Y‘, possess this parity, but only the former satisfies the transversality condition. 
For a magnetic photon of type Mj, the parity of the vector A(k) is (—1)'*'; only Y{" 
has this parity. The wave functions of a photon having a given angular momentum 
J, component thereof m, and energy w, are therefore 


Awim(K) = 1h 5(|k| — w) Yj n(n), (7.6) 


where Yj, must be taken as Y‘) and Yi"? for electric and magnetic photons 
respectively. The given value of the energy is taken into account by the factor 
5(|k| — w). 

The functions (7.6) are normalized by the condition 


ay | ww! Aim (K) ° Awim(kK) ak = w6(w' — @ )8jj' Omm’. (7.7) 


For wave functions of the coordinate representation, the condition (7.7) is 
equivalent to the conditiont 


= | {Es (Pr) ‘ E im (1) a Heim (r) : Hjm(r)} d°x = wd (w' — Ww) 8) Omm': (7.8) 
the integral on the left, when written in terms of the potentials, is 
1 : an. ee 
7 Aa jm(r) : Aujm(r)w WwW d x, 


+ This condition is of the same type as (2.22). The factor 5(w'~w) on the right-hand side appears 
because we are now considering a field (spherical wave) throughout infinite space instead of in the finite 
volume V = 1. 
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and with 

d’k 
(27) 


AX... (= [ asy (ky ek 2 
wpm wpm (27) > 


Aes i Avim(k) ei" 
(7.9) 


the integral over d’x gives the delta function (277)’8(k’—k). This is eliminated by 
integrating over d°k, and the integral reduces to (7.7). 

So far, we have assumed that the potentials are in the transverse gauge, for 
which the scalar potential ® = Q. In certain applications, however, other gauges of 
the spherical wave may be more convenient. 

The transformation of the potentials that can be conducted in the momentum 
representation Is 


A>A+nf(k), @—@ + f(k), 


where f(k) is an arbitrary function. In the present case we shall choose it so that 
the new potentials are expressed in terms of the same spherical harmonics and 
again have a definite parity. For an electric photon, these conditions limit the 
choice of potentials to the following: 


€ 4 : e 
ASIn(k) = aps 8(|k| — w)(¥ jn + Cn Yim), 
(7.10) 
Dp (k) = 4“ 5(\k| — w)CY;, 
wim (K) = 3p (|k] — w) CY ims 


where C is an arbitrary constant. For a magnetic photon, this addition to A°”(k) 
would leave it without a definite parity, and (7.6) is therefore the only possible 
choice under these conditions. 

The probability that a photon having a definite angular momentum and parity 
will be recorded as moving in a direction n which lies in the solid-angle element do 
1s, according to (3.5) and (7.6), 


w(n) do = [¥{2(n)/? do. (7.11) 


This is the expression for an E photon, but, since [YS7"|’ = |¥‘@/’, the probability 
distribution w(n) is the same for both types of photon. 

The squared modulus |Y‘2|’ is independent of the azimuthal angle @, since the 
factors e*’"® in the spherical harmonic functions cancel. The probability dis- 
tribution w(n) is therefore symmetrical about the z-axis. Moreover, since each of 
the spherical harmonic vectors has a definite parity, their squared moduli are 
unaffected by inversion, i.e. by the change of polar angle 6 > m — 6; this means that 
the expansion of the function w(@) in Legendre polynomials will contain only those 
of even order. The determination of the expansion coefficients 1s equivalent to a 
calculation of the integrals of products of three spherical harmonic functions, 
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followed by summation over components. These processes are effected by means 
of the formulae derived in QM, §§107, 108, and the result is 


or _ a _ 
w(a) = (- nn SES (an + (5 gc Aa * 1" |Pan(cos @).(7.12) 


Finally, we shall give the expressions for the components of the spherical 
harmonic vectors as expansions in terms of spherical harmonic functions. To do so, 
we Shall use the “‘spherical components” of a vector, defined as in QM, §107. These 
components f, of a vector f are 


i i 
fo=itf., far = 75 i + ify), fa = 5 Of — fy). (7.13) 
In terms of the “‘spherical unit vectors’’, 


i z i ; 
e = ie et) = V3 (e? if ie), e! ene 5 (e”? oo) ie), (7.14) 


where e’”” are unit vectors in the direction of x, y and z, we have 


f= DY fae, fh =(- 
A 
fee, (7.15) 


The spherical components of the spherical harmonic vectors are expressed in 
terms of 3j-symbols and spherical harmonic functions as follows: 


jt+l ] i] 


_ 4y\itmt+atl (oy — _ : 
ye Oe i  a 


\¥ietimea + 


j—1 ] 
VGH Ey: ay ea, RMR 


jt+m+rA+ m . l 
Dimmer, =-VaItD( 1. _)¥imeas f (7.16) 


ae Yin m+a + 


__ 4\j+m+atl (1) aad = 
Kym), = VED yn 


+vi( re )¥ ima. 


m+ -A -m 
These formulae are derived in the following way. Each of the three spherical 


harmonic vectors is of the form Yj, =aYjm, where a is one of the three vectors 
(7.3). Hence 


Yin = > (lm'lalim) Yim’, 
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and the problem is equivalent to that of finding the matrix elements of the vector a 
with respect to the eigenfunctions of the orbital angular momentum. According to 
QM, (107.6), we have 


tee Oo 4 
f = vans Imax °™ 
(Im'ja,|jm) = i(-1) - 4 


Jalal, 


where jmax 1S the larger of | and j. It is therefore sufficient to know the non-zero 
reduced matrix elements (I|la|lj). These are given by the formulae 

(I= I]n il) = (fall — 1)* = iV, 

(UV all — 1) =i — 1)V1, 

(I= 1] V,IF) = i+ DV 1 

(In x Vail) = iV (1 + DQE + 1). 


(7.17) 


§8. The polarization of the photon 


The polarization vector e acts for the photon as the “spin part” of the wave 
function (with the limitations stated in §6 in connection with the concept of photon 
spin). 

_The various cases which can occur with regard to the polarization of the photon 
are identical with the possible types of polarization of a classical electromagnetic 
wave (see Fields, §48). 

Any polarization e can be represented as a superposition of two mutually 
orthogonal polarizations e'” and e” (e” - e®* = 0), chosen in some specified manner. 
In the resolution 


e = ee) + ene), (8.1) 


the squares of the moduli of the coefficients e, and e, determine the probabilities 
that the photon has polarization e” and e” respectively. 

These polarizations may be taken to be two mutually perpendicular linear 
polarizations. We can also resolve any polarization into two circular polarizations 
having opposite directions of rotation. The vectors of the right-hand and left-hand 
circular polarizations will be denoted by e*” and e‘" respectively; in coordinates €, 
n, ¢, with the f-axis in the direction of the photon n= k/a, 


(+1) _ Gol eee 


nail = BAe oa) eee eee 
e V9 (e +ie”), e V9 ie’). (8.2) 


The possibility that the photon has two different polarizations (for a given 
momentum) is equivalent to the statement that each eigenvalue of the momentum ts 
doubly degenerate. This property is closely related to the fact that the mass of the 
photon 1s zero. 
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A freely moving particle with non-zero mass always has a rest frame. The 
intrinsic symmetry properties of the particle, as such, will evidently appear in this 
particular frame of reference. Symmetry with respect to all possible rotations about 
the centre (i.e. with respect to the entire spherical symmetry group) must be 
considered. The property which describes the symmetry of the particle with 
respect to this group is its spin s; this determines the degree of degeneracy, the 
number of different wave functions which are transformed into linear combinations 
of one another being 2s+1. In particular, a particle having a vector (three- 
component) wave function has spin 1. 

If the mass of the particle is zero, however, there is no rest frame, since it 
moves with the velocity of light in every frame of reference. For such a particle, 
there is always a distinctive direction in space, the direction of the momentum 
vector k (the ¢-axis). In such a case there is clearly no symmetry with respect to 
the whole group of rotations in three dimensions, but only axial symmetry about 
the preferred axis. 

When there is axial symmetry, only the helicity of the particle 1s conserved, 1.e. 
the component of its angular momentum along the ¢-axis, which we denote by A.f 
If we also impose the condition of symmetry under reflections in planes passing 
through the ¢-axis, the states differing in the sign of A will be mutually degenerate, 
and when A#0 there is therefore twofold degeneracy.t The state of a photon 
having a definite momentum in fact corresponds to one type of these doubly 
degenerate states. It is described by a “spin” wave function which is a vector e in 
the én-plane; the two components of this vector are transformed into combinations 
of each other by any rotation about the ¢-axis and by any reflection in a plane 
passing through that axis. 

The various cases of the polarization of the photon are in a certain relationship 
to the possible values of its helicity. The relationship can be deduced from the 
formulae in QM (57.9), which connect the components of a vector wave function 
with those of the equivalent spinor of rank two.§ Vectors e with only the component 
é:—le, or e; +ie, non-zero correspond to the components A =+1 or —1 respec- 
tively; these are e=e” and e=e”. In other words, the values A = +1 and —1 
correspond to right-hand and left-hand circular polarization of the photon. In §16 
the same result will be derived by direct calculation of the eigenfunctions of the 
spin component operator. 

Thus the component of the photon angular momentum along the direction of its 
motion can have only the two values +1; the value zero is not possible. 

A state of the photon having a definite momentum and polarization is a pure 
state, in the sense defined in QM, §14; it is described by a wave function, and 
corresponds to a complete quantum-mechanical description of the state of the 
particle (the photon). ‘““Mixed”’ photon states are also possible, which correspond to 
a less complete description by a density matrix only, not a wave function. 


+ This is to be distinguished from m, the component of the angular momentum in a specified 
direction in space (the z-axis), which was used in §7. 

¢ This is the method of classifying the electron terms of the diatomic molecule (QM, §78). 

§ It is the contravariant spinor components that correspond to the components of the wave function 
as ue probability amplitudes of various values of the angular momentum of the particle (which are here 
considered). 
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Let us consider a state of the photon which 1s mixed as regards its polarization, 
but corresponds to a definite value of the momentum k. In such a state (called a 
state of partial polarization), a ‘““coordinate”’ wave function exists. 

The polarization density matrix of the photon is a tensor p,g of rank two, in a 
plane perpendicular to the vector n (the éy-plane; the suffixes a, B take only two 
values). This tensor is Hermitian: 


Pap =~ P Ba (8.3) 


and is normalized by the condition 


Paa = P+ p2 = |. (8.4) 


From (8.3), the diagonal components p;, and p are real, and either is given in terms 
of the other by (8.4). The component pi. is complex, and p2; = ph. The density 
matrix therefore involves three real parameters. 

If the polarization density matrix 1s known, we can find the probability that the 
photon has any given polarization e. This probability is determined by the ‘“‘pro- 
jection” of the tensor p,g on the direction of the vector e, i.e. by the quantity 


Pape Cp. (8.5) 


For example, the components p;, and pz are the probabilities of linear polarizations 
along the & and 7 axes. The probability of the two circular polarizations is given by 
taking the projections along the vectors (8.2): 


a1 + i(pi2— pai). (8.6) 


The properties of the tensor pag are essentially the same as those of the tensor 
J.g Which describes partially polarized light in the classical theory (see Fields, §50). 
Some of these properties are the following. 

For a pure state with a definite polarization e, the tensor pag reduces to products 
of components of the vector e: 


Aap = Ca€B, (8.7) 


and the determinant |p.s|= 0. In the opposite case of an unpolarized photon, all 
directions of polarization are equally probable, 1.e. 


Pap = +5 aps (8.8) 
and |pag| = 4. 
In the general case, it is convenient to describe the partial polarization by means 


of three real Stokes parameters &é,, &, &3,f in terms of which the density matrix can 


+ These are not to be confused with the é-axis. 
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be written 


ak fl ey “Sy 16> 
rt ~(e sits “1-&) ea 


All three parameters take values between —1 and +1. In the unpolarized state, 
€,= & = &=0: for a completely polarized phaton, €}+ 3+ €3 = 1. 

The parameter 3 describes the linear polarization along the € or 7 axis; the 
probability that the photon is linearly polarized along these axes is respectively 
(1+ €) and (1 — &3). The values &; = +1 and —1 therefore correspond to complete 
polarization in these directions. 

The parameter &, describes the linear polarization along directions at angles 
¢@ = +47 to the é-axis. The probability that the photon is linearly polarized along 
these directions is respectively 3(1+&,) and 3(1—€;,). This is easily shown by 
projecting the tensor pg on the directions e = (1, +1)/V2. 

Finally, the parameter &, represents the degree of circular polarization: accord- 
ing to (8.6), the probability that the photon has right-hand or left-hand circular 
polarization is respectively 3(1+ &) and 3(1—&). Since these two polarizations 
correspend to helicities A = +1, it is clear that & is the mean value of the helicity of 
the photon. Moreover, for a pure state with polarization e, 


&,=1eXe*-n. (8.10) 


The quantities é and V(é{+ &3) are invariant under Lorentz transformations 
(see Fields, §50). 

We shall later encounter the problem of the behaviour of the Stokes parameters 
under the operation of time reversal. It is easily seen that they are invariant. This 
property is evidently independent of the state of polarization, and therefore need 
be proved only for a pure state. In quantum mechanics, time reversal corresponds 
to replacing the wave function by its complex conjugate (QM, §18). For a 
plane-polarized wave, this implies the changest 


k— —k, e—>—e*. (8.11) 
Under this transformation, the symmetrical part 
i(e,e% + ege*) 


of the density matrix is unchanged, and therefore so are &, and &3. The fact that &, 
is unchanged by this transformation 1s seen from (8.10), and is also evident from 
the fact that &, is the mean value of the helicity: the helicity is the component of 
the angular momentum j in the direction of n, i.e. the product j-n, and both these 
vectors change sign under time reversal. 

t The change in the sign of e is necessary because time reversal changes the sign of the vector 
potential of the electromagnetic field. The scalar potential, however, does not change sign, and the effect 
of time reversal on the 4-vector e is therefore as follows: 


(eo, e) > (e3, —e*). (8.1 1a) 
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In later calculations, we shall need the photon density matrix written in 
four-dimensional form, i.e. as a certain 4-tensor p,,. For a polarized photon 
described by the 4-vector e,, this tensor can naturally be defined as 


Pur = Cyer. (8.12) 


In the three-dimensionally transverse gauge, e = (0, e), and if one of the spatial 
coordinate axes is taken to be along n the non-zero components of this 4-tensor are 
the same as (8.7). 

For an unpolarized photon the three-dimensionally transverse gauge cor- 
responds to a tensor p,, having components 


Pik = (Six — ning), Poi = Pio = Poo = 0; (8.13) 


if one of the axes is in the direction of n, the result is again (8.8). It would, 
however, be inconvenient to use the tensor p,, in this three-dimensional form. But 
a gauge transformation can be applied, which for the density matrix is 


Puv Pye ag Xuk, + XK, (8. 14) 
where the y, are arbitrary functions. Putting 


X0 = 1/4w, i kif4w’, 
we obtain instead of (8.13) the simple four-dimensional expression 


Puv = — Bur (8.15) 


The four-dimensional form of the density matrix for a partially polarized photon is 
easily found by first writing the two-dimensional tensor (8.9) in three-dimensional 
form: 


pix = (ere? + eMeP) +3 E (ere? + eet?) — 
1: l 
— 51€(e re? — eel?) +7 &(eiPey? — eMeP), 


where e'” and e” are unit vectors along the € and 7 axes. The required generaliza- 


tion is obtained on replacing these 3-vectors by real space-like unit 4-vectors e“”, 


e” which are orthogonal to each other and to the photon 4-momentum k: 


ae: (8.16) 
eve’ =), 
ek = eM =0. 


In one particular frame of reference, e“=(0, e'”) and e®=(0, e”). Thus the 
four-dimensional density matrix of the photon is 


eon | 1 l 2 2 1 1 2 2 1 
Puv = (eer + ere) + 5 Eee + ee) — 


— F1€(E Pe? — ee) + 5 & (Ee — ee). (8.17) 
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The convenience of any specific choice of the 4-vectors e'”, e” depends on the 
conditions of the problem concerned. 

It must be noted that the conditions (8.16) do not uniquely define the choice of 
e‘ and e®. If a 4-vector e, satisfies these conditions, then so does any 4-vector 
e, + xk,, since k? = 0. This non-uniqueness occurs because the density matrix is not 
invariant under gauge transformations. 

The first term in (8.17) corresponds to the unpolarized state. According to (8.15), 
it can therefore be replaced by —}g,,. This change is again equivalent to a certain 
gauge transformation. 

The following formal device is useful in calculations with 4-tensors of the form 
(8.17) expressed in terms of two independent 4-vectors. We write the tensor (8.17) 
in the form 


3 
(ab) 5 me ib) 
= 20 


a, b=! 


(26) as a two-rowed matrix: 


y= (0m 0) 
po ig 
This, like any two-rowed Hermitian matrix, can be written in terms of four 


independent two-rowed matrices: the Pauli matrices o,, o,, a, and the unit matrix 1. 
The result is 


and the coefficients p 


=4(1 + E- Go), E = (€1, &, &3), (8.18) 


as 1s easily seen by direct comparison with (8.17), using the expressions (18.5) for 
the Pauli matrices. The combination of the three quantities &,, &, & into a “‘vector”’ 
€ is, of course, purely formal and is done only for convenience of notation. 


PROBLEM 


Write the photon density matrix for the case where the coordinate ‘‘axes’’ are the circular unit 
vectors (8.2). 

SOLUTION. The components p'ag of the tensor relative to the new axes (a, B = +1) are obtained by 
projecting the tensor (8.9) on the unit vectors (8.2): 


Pir=Papa “ep, i. -1 = papew *ep'y...; 
'=5/ 1+ Ce 
: Sede, “Pees 


§9. A two-photon system 


By arguments similar to those in §6, we can calculate the number of possible 
states In a more compncated case, that of a system of two photons (L. Landau, 
1948). 


30 Photons §9 


We shall consider the photons in their centre-of-mass system; their momenta 
are k; = —~k,=k.t The wave function of the two-photon system (in the momentum 
representation) can be written as a three-dimensional tensor of rank two A; (n), 
formed by a bilinear combination of the vector wave functions of the two photons; 
each of the suffixes of this tensor corresponds to one of the photons (n being a unit 
vector in the direction of k). The transversality of each photon is expressed by the 
orthogonality of the tensor A, to the vector n: 


Ain; = 0), Ann = (Q), (9.1) 


An interchange of the photons corresponds to an interchange of the suffixes of 
the tensor Ay and a simultaneous change in the sign of n. Since photons obey Bose 
statistics, we have 


Ax(—n) = Axi(n). (9.2) 


The tensor Ax 1s not in general symmetrical with respect to its suffixes. It can 
be resolved into symmetric and antisymmetric parts: Ax = sx +a. The equation 
(9.2), and the orthogonality conditions (9.1), must evidently apply to each part 
separately. Hence we have 


Si,(—m) = Sx(n), (9.3) 
dix(—m) = — a(n). (9.4) 


Inversion of the coordinates does not affect the sign of the components of a tensor 
of rank two, but changes the sign of n. From (9.3), therefore, the wave function sx 
is symmetrical under inversion, i.e. it corresponds to even states of the two-photon 
system, while the wave function a, corresponds to odd states. 

An antisymmetric tensor of rank two is equivalent (dual) to a certain axial 
vector a, whose components are given in terms of those of the tensor by 


oe | 
Qi = 2 Cixi, 


€,, being the antisymmetric unit tensor; see Fields, 86. The orthogonality of the 
tensor a, and the vector‘n implies that the vectors a and n are parallel.f We can 
therefore write a=nd(n), where @ is a scalar; according to (9.4), we must have 
a(—n) = — a(n), and therefore 


d(—n) = d(n). 


This equation signifies that the scalar @ can be formed linearly only from spherical 
harmonic functions of even order L (including order zero). 


+ This frame of reference always exists except in the case of two photons moving in the same 
direction. The total momentum k, + k2 and the total energy w, + w2 of such photons are related in the 
same way as those of a single photon, and there is therefore no frame of reference in which k; + k2 = 0. 

t+ For ai = exa, and the orthogonality condition gives dink = exaimk = (mn X a), = 0. 


§9 A Two-photon System 31 


We see that the transformation properties of the antisymmetric tensor a, under 
rotations are equivalent to those of a single scalar (cf. the second footnote to §6). 
When the latter is assigned a ‘“‘spin’”’ zero, the angular momentum of the state 1s 
found to be J =L. Thus the tensor a, corresponds to odd states of a photon 
system with even angular momentum J. 

Let us now consider the symmetric tensor s;.. Since this is unaltered when n 
changes sign, it corresponds to even states of the photon system. Hence all the 
components sx can be expressed in terms of spherical harmonic functions of even 
order L (including zero). It is well known that any symmetric tensor s, of rank two 
can be expressed as the sum of a scalar s;, and a symmetric tensor s with zero 
trace (sj; = 0). : 

The scalar s; can be assigned a “‘spin” zero, and the angular momentum of the 
corresponding states is therefore J = L, 1.e. is even. The tensor si, has “‘spin” two 
(see QM, §57). Adding this “‘spin” to the even “orbital angular momentum” L by 
the law of addition of angular momenta, we find that for a given even J #0 three 
states are possible (with L = J +2, J), and for odd J # 1 two states (with L = J + 1). 
The exceptions are J =0 with one state (L = 2) and J = 1 with one state (L = 2). 

In these calculations, however, we have not yet included the condition that the 
tensor s, is orthogonal to the vector n. We must therefore subtract, from the 
numbers of states found above, the numbers of states corresponding to a sym- 
metric tensor of rank 2 “‘parallel’’ to the vector n. Such a tensor, which we denote 
by si, can be written as 


Sik = nib, + n,bi, 


where b is a certain vector. According to (9.3), this vector must be such that 
b(—n) = —b(n). Thus the tensor sj; which gives the “‘unwanted”’ states is equivalent 
to an odd vector. The latter must be expressible in terms only of spherical 
harmonics of odd order L. Moreover, the vector has a “‘spin” one, and therefore, 
for any even angular momentum J # 0, two states are possible (with L = J + 1), and 
for any odd J one state (with L = J); an exception is J = 0 with one state (L = 1). 

Summarizing the results obtained, we obtain the following table giving the 
numbers of possible even and odd states of a two-photon system (with zero total 
momentum) for various values of the total angular momentum J: 


J even odd 
0 | 1 
l 0 0 (9.5) 
2k 2 | 
2k+1 | 0 


where k is any positive integer (not zero). We see that for odd J there are no odd 
states, and the value J = 1 cannot occur.t 

The wave function A; of the two-photon system determines the correlation 
between the polarizations of the photons. The probability that both photons 


+t Another way of deriving these results is given in §70, Problem 1. 
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simultaneously have definite polarizations e,; and e; is proportional to 
Axe fiek.- 
Thus, if the polarization e, of one photon is given, the polarization e, of the other is 
en & Axe fi. (9.6) 
In odd states of the system, Aj. iS equal to the antisymmetric tensor a,x, and 
e.-et x axeteh = 0, 


so that the polarizations of the two photons are orthogonal. For linear polarization 
this means that the directions of polarization are perpendicular; for circular 
polarization, that the directions of rotation are opposite. 

An even state with J = 0 corresponds to a symmetric tensor which reduces to a 
scalar, 


Si = constant X (6, — ninx). 


From (9.6), therefore, we have e, = e%. For linear polarization this means that the 
directions of polarization are parallel; for circular polarization, that the directions 
of rotation are again opposite. The latter result is obvious, since when J = 0 the 
sum of the components of the photon angular momenta in the same direction k 
must always be zero, because the components in opposite directions k, and ky, 1.e. 
the helicities, are equal. 


CHAPTER II 


BOSONS 


§10. The wave equation for particles with spin zero 


It HAS been shown in Chapter I how a quantum description of the free elec- 
tromagnetic field can be constructed on the basis of the known properties of the 
field in the classical limit and the concepts of ordinary quantum mechanics. The 
resulting scheme for describing the field as a system of photons contains many 
features which occur also in the relativistic quantum theory description of parti- 
cles. 

The electromagnetic field is a system having an infinite number of degrees of 
freedom. For this system there is no law of conservation of number of particles 
(photons), and its possible states include states with an arbitrary number of 
particles.t In the relativistic theory, systems composed of any particles must in 
general share this property. The conservation of number of particles in the 
non-relativistic theory depends on the law of conservation of mass: the sum of the 
(rest) masses of the particles is unaffected by their interactions, and the constancy 
of the total mass in a system'of electrons, say, implies that the number of electrons 
is also unchanged. In relativistic mechanics, however, there is no law of con- 
servation of mass; only the total energy of the system is conserved, which includes 
the rest energy of the particles. The number of particles therefore need not be 
conserved, and consequently every relativistic theory of particles must be a theory. 
of systems having an infinite number of degrees of freedom. That is to say, any 
such theory of particles must be a field theory. 

The second quantization formalism (QM, §§64, 65) is a satisfactory means of 
describing systems with a variable number of particles. In the quantum description 
of the electromagnetic field, the second quantization operator is the 4-potential A. 
This is expressed in terms of the (coordinate) wave functions of the individual 
particles (photons) and their creation and annihilation operators. The quantized 
wave function operator has a similar role in the description of a system of particles. 
To derive this operator, we must first know the form of the wave function of a 
single free particle and the equation satisfied by this function. 

The concept of a field of free particles is, it must be emphasized, only an aid to 
the theory. Actual particles interact, and the task of the theory is to consider these 
interactions. But any interaction is equivalent to a collision, before and after which 
the system may be regarded as an ensemble of free particles. It has been remarked 
in §1 that the only measurable objects are of this kind. We therefore use the fields 
of free particles as a means of describing the initial and final states. 


tIn reality, of course, the number of photons changes only as a result of various interaction 
processes. 
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Let us first consider the relativistic description of free particles having spin 
zero. This case is mathematically simple, and illustrates most clearly the basic ideas 
and typical features of the description. 

The state of a free particle (with spin zero) can be completely defined by 
specifying its momentum p only. The energy e of the particlet is given by 
e? = p’?+ m’ (where m is the mass of the particle) or, in four-dimensional form, 


p° =m’. (10.1) 


The laws of conservation of momentum and energy are well known to be 
related to the homogeneity of space and time, i.e. to the symmetry with respect to 
any parallel displacement of the 4-coordinate system. In the quantum description, 
this requirement of symmetry means that, under such a transformation of the 
4-coordinates, the wave function of a particle having a given 4-momentum must be 
multiplied by a phase factor (of unit modulus). This can be true only for an 
exponential function, with the exponent linear in the 4-coordinates. Thus the wave 
function of the state of a free particle with a given 4-momentum p" = (e, p) must be 
a plane wave: 


constant xe", px =et—p-r; (10.2) 


the choice of sign of the exponent in the relativistic theory itself is arbitrary, and is 
here made in accordance with the non-relativistic case. 

The wave equation must have the functions (10.2) as particular solutions for 
any 4-vector p which satisfies the condition (10.1). It must be linear, on account of 
the principle of superposition: any linear combination of the functions (10.2) also 
describes a possible state of the particle, and must therefore also be a solution. 
Finally, the equation must be of the lowest possible order; any higher order would 
bring in redundant solutions. 

The spin is the angular momentum of the particle in a frame of reference in 
which the particle is at rest. If the spin of the particle is s, its wave function in the 
rest frame is a three-dimensional spinor of rank 2s. To describe the particle in an 
arbitrary frame of reference, its wave function must be expressed in terms of 
four-dimensional quantities. 

A particle with spin zero is described in the rest frame by a three-dimensional 
scalar. This scalar, however, can have more than one four-dimensional “‘origin’’: 
either a four-dimensional scalar w, or as the fourth component of a (time-like) 
4-vector w, of which only the component J is non-zero in the rest frame. 

For a free particle, the only operator that can appear in the wave equation ts the 
4-momentum operator p. Its components are the operators of differentiation with 
respect to coordinates and time: 


p* = ia" = ( =, -iv). (10.3) 


tWe denote the energy of a single particle by e«, fo distinguish it from the energy E of a system of 
particles. 

tOr, similarly, as the time component of a 4-tensor of higher order; but this would lead to 
higher-order equations. 
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The wave equation must be a differential relationship between the quantities & 
and w, through the operator p. This relationship must, of course, be given by 
relativistically invariant expressions. Such expressions are 


mb, = pil, =p" hs = my, (10.4) 


where m is a dimensional constant characteristic of the particle.f 
Substituting w, from the first equation (10.4) in the second equation, we obtain 


(p> -— m*)p =0 (10.5) 


(O. Klein, and V. A. Fock, 1926; W. Gordon, 1927). The explicit form of this 
equation Is 


2 
~a,a% = (-<a+ A) eu (10.6) 


Substitution of w as the plane wave (10.2) gives p’ =m’, from which it is evident 
that m is the mass of the particle. We may note that the form of equation (10.5) is 
in any case obvious a priori, since p’ is the only scalar operator which can be 
derived from p (and, for the same reason, a similar equation 1s satisfied by every 
component of the wave function of a particle having any spin value, as will be seen 
on several occasions below). 

Thus a particle with spin zero is essentially described by a single (four- 
dimensional) scalar , which satisfies the second-order equation (10.5). In the 
first-order equations (10.4), the wave function is represented by the set of quan- 
tities w and w,, the 4-vector w, being the 4-gradient of the scalar w. In the rest 
frame, the wave function of the particle is independent of the (space) coordinates, 
and the space components of the 4-vector wW, are therefore zero, as they should be. 

In order to continue with the second quantization procedure, it is useful to 
express the energy and momentum of the particle as the space integrals of certain 
combinations bilinear in & and w*, which represent a kind of space density of these 
quantities. We thus have to find an energy-momentum tensor T,, which cor- 
responds to equation (10.5). In terms of this tensor the law of conservation of 
energy and momentum is expressed by the equation 


é,.T¢% =0. (10.7) 
Following the general procedure of field theory (see Fields, 832), we write down 


a variational principle which would lead to equation (10.5). This principle must be 
that the ‘‘action integral” 


s= | Lats (10.8) 


+ The constants im are shown in (10.4) so that w, and w shall have the same dimensions. There 
would be no point in using different constants m, and m> in the two equations, since they could always 
be made the same by redefining w& or W,. 
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of some real 4-scalar L, the Lagrangian density of the field,f should take a 
minimum value. Using the scalar w (and the operator 0”), we can construct a real 
bilinear scalar expression of the form 


L = a,y*- ay — m>y*y, (10.9) 
where m is a dimensional constant. Regarding w and w* as independent variables 


describing the field (“‘generalized field coordinates’ q), we easily see that 
Lagrange’s equation 


@ aL _ aL 


oe on oe (10.10) 


(where q,, = 0,q) is in fact the same as the equation (10.5) for f-and w*, m being 
the mass of the particle. The sign of the expression (10.9) has been taken such that 
the square of the time derivative, |dy/dt|’, appears in L with a positive sign; 
otherwise, the action could not take a minimum value (cf. Fields, §27). The choice 
of the numerical factor in L is arbitrary (and affects only the normalization factor 
in w). 


The energy-momentum tensor can now be calculated from the formula 
T.= Dag Lb, (10.11) 


the summation being over all q. Substitution of (10.9) gives 
T, = 0,W* - dO. + d,w* - Oo. — Le, (10.12) © 


these quantities are real (as they should be), since L is real. In particular, 


ot oat 
_ op* ap ; 2, * 
ar ap t VW" Vib + m’w*y, (10.13) 
T. _ 9Y* ay , ap™ aw (10.14) 


ot ax' oOx' dat’ 


The 4-momentum of the field is given by the integral 
P= | T,.0 dx, (10.15) 


i.e. To and Ty; act as the energy and momentum densities. The quantity Too is 
essentially positive. 


t The corresponding second-quantized operator L is called the Lagrangian of the field. To simplify 
the terminology, we shall use this term for either the ‘“‘quantized”’ or the “‘non-quantized” Lagrangian 
density, as convenient. 
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Formula (10.13) can be used for the normalization of the wave function. A plane 
wave. normalized to “one particle in the volume V = 1”, 1s 


bp = 5) em. (10.16) 


since for this function Too = e, and the total energy in the volume V = | is therefore 
equal to the energy of a single particle. 
The angular momentum, whose conservation is due to the isotropy of space, 
can also be expressed as a space integral, but we shall not need this representation. 
There is one further conservation law allowed by equations (10.4) in addition to 


those arising directly from space-time symmetry. It is easily seen that these 
equations and those for w* lead to the equation 


d,j* = 0, (10.17) 
where 


j. = m(W* yh, + WT) 
= i[W* a,b — (d.p*)y). (10.18) 


Thus j” acts as a current density 4-vector, and (10.17) is the equation of continuity 
expressing the law of conservation of the quantity 


Q = | iod’x, (10.19) 
where 
olan OW Ot 
jo = j° = i(y* B-E ). (10.20) 


It should be noted that jo need not be positive. This shows that it cannot in 
general be interpreted as the probability density of spatial localization of the 
particle. The significance of the conservation law expressed by equation (10.17) will 
be shown in §11. 


§ 11. Particles and antiparticles 


In accordance with the general procedure of the second quantization method, 
we have to consider the expansion of an arbitrary wave function in terms of the 
eigenfunctions of a complete set of possible states of a free particle, for instance in 
plane waves y,: 


v= 2 App, we 2 aps. 
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The coefficients a,,a* are then to be regarded as the annihilation and creation 
operators d,, dG, of particles in the corresponding states.t 

Here, however, we immediately encounter a difference of principle as compared 
with the non-relativistic theory. In a plane wave which is a solution of equation 
(10.5), the energy ce need satsify (for a given momentum p) only the condition 
e* = p’?+ m’, i.e. it can have two values, +V(p’.+ m’). Only positive values of € can 
have the physical significance of the energy of a free particle. But the negative 
values cannot be simply omitted: the general solution of the wave equation can be 
obtained only by superposing all its independent particular solutions. This shows 
that the interpretation of the expansion coefficients for Ww and w* in the second 
quantization method must be somewhat different. 

We may write the expansion in the form 


= | (+) ,i(p-r-et) I (-) > Up: rtet) 
Y= ae e > (De) 2? e ; (11.1) 


where the first sum contains plane waves with positive “frequency”, normalized 
according to (10.16), and the second sum contains those with negative “‘frequency”’, 
e always denoting the positive quantity +V(p’+m’). In the second quantization, 
the coefficients a} in the first sum are replaced as usual by the particle annihilation 
operators dy. In the second sum, we note that, in the subsequent derivation of the 
matrix elements, the time dependence of the terms will correspond to particle 
creation, not annihilation: the factor e'’ = (e ‘’)* corresponds to one extra particle 
with energy « in the final state (cf. the end of §2). Accordingly, the coefficients a,” 
are replaced by creation operators b*, relating to other particles. If the summation 
variable p in the second sum in (11.1) is replaced by —p in order to put the 
exponential factor in the form e ‘“®'' *", the w-operators are obtained as 


PX) 


7 l aA —ipx * + 
Y= ag) ane + bre 
(11.2) 


nt l a+ ipx ~~ ipx 
wy = 2 Ve) (ar ° + b,e ). 


Thus all the operators d,, b, are multiplied by functions with the “correct” time 
dependence (~e “‘), while the operators Gb, b+ are multiplied by the complex 
conjugate functions. This makes it possible to interpret the former operators, in 
accordance with the general rules, as annihilation operators for particles with 
momentum p and energy e, and the latter as creation operators for these particles. 

In this way we arrive at the concept of particles of two types which occur 
simultaneously and on an equal footing. These are called particles and antiparti- 
cles; the significance of the names will be shown later. One type corresponds to the 
operators d,, a, in the second quantization formalism, and the other type to b,, bt. 
The two types of particle have the same mass, since their operators appear in the 
same w-operator. 


t The w function is given the 4-momentum p as suffix, since we intend to denote the functions with 
‘‘negative frequency” by w-,. The operators 4 and 4” are given the three-dimensional momentum p as 
suffix, since this entirely defines the state of an actual particle. 


$11 Particles and Antiparticles 39 


The reason for these results can also be examined from the point of view of the 
requirements of relativistic invariance. 

The Lorentz transformations are, mathematically, rotations of the four-dimen- | 
sional coordinate system which change the direction of the time axis; together with 
the purely spatial rotations which do not affect the time axis, they form the Lorentz 
group of transformations.t All the Lorentz transformations have the property that 
they leave the t axis within the corresponding light cone, and this expresses the 
physical principle that there exists a maximum possible velocity of propagation of 
signals. 

In a purely mathematical sense, the simultaneous change of sign of all four 
coordinates (four-dimensional inversion) is also a rotation, since the determinant of 
this transformation is +1, like that of any rotational transformation. The time axis 
is thereby carried from one light cone to the other. Although this means that such a 
transformation is physically impossible (as a transformation of the frame of 
reference), the only difference mathematically is that, because the metric 1s 
pseudo-Euclidean, such a rotation cannot be effected continuously without allow- 
ing also a complex transformation of the coordinates. 

It is reasonable to suppose that this difference is unimportant in relation to 
four-dimensional invariance. Then any expression which is invariant under the 
Lorentz transformations must be invariant under 4-inversion also. A precise 
statement of this condition as applied to the scalar w-operator will be given in §13, 
but here it may be noted that the condition will certainly make necessary the 
simultaneous presence in the w-operators of terms having both signs of ¢ in the 
exponents, since this sign is changed by the substitution t > — t. 

Let us return now to equations (11.2) and derive the commutation relations 
between the operators d,, 4} (and b,, b;). For photons (the operators ¢,, ¢}), this was 
done on the basis of the analogy with oscillators, that is, essentially from the 
properties of the electromagnetic field in the classical limit. Here there is no such 
analogy. In deriving the (Bose or Fermi) commutation rules between the operators, we 
can be guided only by the form of the Hamiltonian constructed from these operators. 

This Hamiltonian is obtained (see QM, §64) by substituting y and w* in place of 
w and w* in the integral f To) d*x.t We then find 


H = >; (434, + 5,bS). (11.3) 


It is easily seen that a reasonable result is obtained for the eigenvalues of this 
Hamiltonian only if the operators satisfy the Bose commutation rules: 


{d,, a3}. ={b,, bs}. =1 (11.4) 


+ The set of all three-dimensional (spatial) rotations is itself a group, which constitutes a subgroup of 
the Lorentz group. The set of the Lorentz transformations is not itself a group, since the result of 
successive Lorentz transformations may be a purely spatial rotation. 

+ In the non-relativistic theory, the conjugate operator * is by convention written to the left of wp. 
Here, the order is of no importance, since the interchange of yy and * would cause only the interchange 
of the equivalent operators a, and bp. However, once a particular order has been selected, the same 
order must be used throughout. 
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(all other pairs of operators commute, including each particle operator d,, Gd) with 
each antiparticle operator bp, b*). For, in this case, 


H => e(434,+ bb, + 1). 


P 


A+ A 


The eigenvalues of the products 434, and b;b, are positive integers N, and N,, the 
numbers of particles and antiparticles. The infinite additive constant 2 e« (the 
“energy of the vacuum’’) may again be simply omitted: 


E => e(N,+N,); (11.5) 
p 


cf. formula (3.1) and the footnote to it. This expression is essentially positive, and 
corresponds to the idea of two types of actual particles. Similarly, we have for the 
total momentum of the system 


P= >) p(N,+N>)- (11.6) 


If, instead of (11.4), we used the Fermi commutation rules (anticommutators 
instead of commutators), we should obtain 


= ae (4,4, ~— b3b, + 1), 


and instead of (11.5) the physically meaningless expression © e(N,—N,), which is 
not positive-definite and hence cannot represent the energy of a system of free 
particles. 

Particles with spin zero are therefore bosons. 

Next, let us consider the integral Q (10.19). Replacing the functions Ww and w* in 
j° by the operators w and w*, and carrying out the integration, we obtain 


Q = > (4,4, — bbs) = > (a34, — 656, — 1). (11.7) 
P P 


The eigenvalues of this operator are (omitting the unimportant additive constant 
> 1) 


Q => (N,—- Np), (11.8) 


and are therefore equal to the differences between the total numbers of particles 
and antiparticles. 

So long as we are discussing free particles and ignoring any interaction between 
them, the law of conservation of the quantity Q is, of course, largely conventional 
(like those of total energy (11.5) and total momentum (11.6)): what is actually 
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conserved is not only the sum Q but the numbers N,, N, individually. The nature 
of the interaction decides whether the quantity Q is conserved. If Q is conserved 
(i.e. if the operator Q commutes with the Hamiltonian of the interaction), the 
formula (11.8) shows the limitation imposed by the conservation law on the 
possible variation of the number of particles: only ‘“‘particle—antiparticle” pairs can 
be formed or disappear. 

If a particle is electrically charged, its antiparticle must have a charge of the 
opposite sign: if both had charges of the same sign, the creation or annihilation of 
the particle-antiparticle pair would contravene a rigorous law of nature, the 
conservation of total electric charge. We shall see later ($32) how the theory 
automatically leads to this oppositeness of the charges (for interactions of particles 
with an electromagnetic field). 

The quantity Q is sometimes called the charge of the field of the particles 
concerned. For electrically charged particles Q gives, in particular, the total 
electric charge of the system in terms of the unit charge e. But particles and 
antiparticles may also be electrically neutral. 

Thus we see that the nature of the relativistic relation between the energy and 
the momentum (the twofold root of the equation e* = p’+ m’), together with the 
requirements of relativistic invariance, leads in the quantum theory to a new 
principle of classification of particles: there can exist pairs of different particles 
(particle and antiparticle) which are interrelated in the way described above. This 
remarkable prediction was first made (for particles with spin 3) by Dirac in 1930, 
before the discovery of the first antiparticle, the positron.t 


§12. Strictly neutral particles 


In the second quantization of the w-function (11.1), the coefficients a{ and a‘? 
were treated as operators relating to different particles. This is not necessary, 
however: as a particular case, the annihilation and creation operators in w may 
relate to the same particles, as for photons (cf. (2.17)). Then, denoting these 
operators by ¢, and ¢5, we write the w-operator as 


i, I x ~ ipx a+ .ipx 
Y= ag (Cre pte Caen): (12.1) 


The field described by thts operator corresponds to a system of particles of one 
kind only, which may be said to be their own antiparticles. 

The operator (12.1) is Hermitian (yt = = W), and in this sense such a field has only 
half as many “‘degrees of freedom”’ as a complex field for which the operators & 
and w* are not the same. 

In consequence, the field Lagrangian, expressed in terms of the Hermitian 
operator w, must contain a further factor 3 in comparison with (10.9): 


L = 30, - a*b — my’). (12.2) 


t The antiparticle concept was extended to bosons by V. Weisskopf and W. Pauli (1934). 

+ This resembles the extra factor 3 in the operator (2.10) of the electroinagnetic field energy density 
(when the field is expressed in terms of the Hermitian operators E and H), in comparison with the 
photon energy density (3.2) expressed in terms of the complex wave function; cf. the last footnote to §3. 
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The corresponding energy-momentum tensor 1s 
T,, = a, - a, — Lg,,, (12.3) 
and hence the energy density operator is 


Ta = (ap/aty a L 
= [(ap/aty + (Vp)? + mp’). (12.4) 


Substituting (12.1) in the integral f Ty d°x, we obtain the field Hamiltonian: 
H =; >. e(€3é,+ €,€3). (12.5) 
This again shows that Bose quantization is necessary: 


{Ca€p}2= 1 (12.6) 


and the energy eigenvalues (again without the additive constant) are 
BaS ev, (12.7) 
P 


Fermi quantization would lead to the absurd result that E is independent of N,. 

The “charge” Q of this field is zero, as is evident from the fact that Q must 
change sign when particles are replaced by antiparticles, whereas in the present 
case there is no difference between the two. The current density 4-vector therefore 
does not exist, since the expression 


i, = ib ab — (0.06) (12.8) 


for the operator j of the conserved 4-vector is zero when = * (the vector paw 
is not itself conserved). This, in turn, means that there is no special conservation 
law restricting the possible changes in the number of particles. Such particles must 
clearly be electrically neutral. 

Particles of this kind are said to be strictly neutral, as opposed to electrically 
neutral particles which are not their own antiparticles. Whereas the latter can be 
annihilated (transformed into photons) only as pairs, strictly neutral particles can 
be annihilated singly. 

The structure of the w-operator (12.1) is similar to that of the electromagnetic 
field operators (2.17)}-(2.20). In this sense we may say that photons are themselves 
strictly neutral particles. For the electromagnetic field, the operators are Hermitian 
because the fields are measurable physical quantities (in the classical limit) and are 
therefore real. For the w-operators of particles there is no such relation, since they 
do not correspond to any quantities that are directly measurable. 

The absence of a conserved current 4-vector is a general property of strictly 
neutral particles, and does not require the spin to be zero; for instance, it occurs 
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for photons also. Physically, it expresses the absence of the corresponding pro- 
hibitions on a change in the number of particles. There is a direct formal relation 
between the absence of a conserved current and the fact that the field is real (the 
operator w is Hermitian). 

The Lagrangian of a complex field, 


A A 


L= a,b: a*h — mb g, (12.9) 


is invariant under multiplication of the W-operator by any phase factor, 1.e. under 
the gauge transformations 


set, poe tp. (12.10) 


botisa-b, bow ida. (12.11) 


When the “generalized coordinates’ q undergo an infinitesimal change, the 
change in the Lagrangian is 


sf. = 3 “q+ 2 64.) 


= [) aL ri) aL 
7 2 (54 ox" ae) 6q a ax" (sa ~ 54 


(with summation over all q). The first term is zero, from the “equations of motion” 
(Lagrange’s equations). If the “coordinates”’ q are taken to be the operators w and 
w*, and with df = ida: Ws, 5° = —ida- ww", we obtain 


~ aL +, aL 
6L = iba =; = (va a0, —w at) 
rm Ht 


Hence we see that the condition for the Lagrangian to be invariant (SL = 0) is 
equivalent to the equation of continuity (d,j" = 0) for the 4-vector 


je= i(v* iE: Ny 2} (12.12) 
a, Wy, 


It is easily shown that, with the Lagrangian (12.9), this formula yields the current 
(12.8). 

Thus, in the mathematical formalism of the theory, the existence of a conserved 
current is related to the invariance of the Lagrangian under the gauge trans- 
formations (W. Pauli, 1941). The Lagrangian (12.2) of the strictly neutral field does 
not possess this symmetry. 
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§13. The transformations C, P and T 


Unlike 4-inversion, three-dimensional (spatial) inversion is not reducible to any 
rotations of the 4-coordinate system; its determinant is —1, not +1. The symmetry 
properties of particles with respect to inversion (the P transformation) are there- 
fore not determined already by considerations of relativistic invariance.t 

The inversion operation, as applied to a scalar wave function, is the trans- 
formation 


Pu(t,r) = + W(t, -r), (13.1) 


where the plus and minus signs on the right correspond to true scalars and 
pseudoscalars respectively. 

Hence we see that two features of the behaviour of the wave function under 
inversion must be distinguished. One of these relates to the coordinate dependence 
of the wave function. In non-relativistic quantum mechanics, only this aspect was 
considered; it leads to the concept of the parity of the state (which we shall here 
call the orbital parity), describing the symmetry properties of the motion of the 
particle. If the state has a definite orbital parity (+1 or —1), this means that 


w(t, —r) = + W(t, r). 


The other feature is the behaviour of the wave function at a given point (which 
may conveniently be taken as the origin) under inversion of the coordinate axes. 
This leads to the concept of the internal parity of the particle. The two signs in 
(13.1) correspond to internal parity +1 and —1 (for a particle with spin zero). The 
total parity of a system of particles is given by the product of their internal parities 
and the orbital parity of their relative motion. 

The “‘internal’? symmetry properties of various particles appear, of course, only 
in their mutual transformation processes. In non-relativistic quantum mechanics, 
the analogue of the internal parity is the parity of a bound state of a composite 
system, such as a nucleus. In the relativistic theory, which makes no essential 
distinction between composite and elementary particles, this internal parity is no 
different from the internal parity of those particles which are regarded as elemen- 
tary in the non-relativistic theory. In the non-relativistic case, where these particles 
are regarded as unalterable, their internal symmetry properties are not observable, 
and a discussion of these would therefore be devoid of physical significance. 

In the second quantization formalism, the internal parity 1s expressed by the 
behaviour of the wW-operators under inversion. Scalar and pseudoscalar fields 
correspond to the transformation laws 


P: b(t, rn) >+ W(t, —-r). (13.2) 


The actual significance of the action of inversion on the w-operator must be 


+ The Lorentz group together with spatial inversion is called the extended Lorentz group (in contrast 
to the original group without P, which in this connection is called the proper Lorentz group). The 
extended group includes all transformations which leave the ¢ axis within the corresponding light cone. 
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formulated as a particular transformation of the particle annihilation and creation 
operators, such as to lead to the result (13.2). It is easily seen that such trans- 
formations are 


A 


P:d,>+d,, b,>+b_, (13.3) 


(and the same for the conjugate operators). For, on making these changes in the 
operator 


fh, l ~ -iwttip-r_. [+ piwt-ip-r 
W(t0) = D7 ey (dee Por Ht gist iver) (13.4) 


and then changing the notation for the summation variable (p> — p), we can bring it 
to the form +wW(t, —r). Thus, if Ww? (t,r) denotes the operator after the substitutions 
(13.3), we have 


w?(t,r) = + W(t, —r). (13.5) 


The transformation (13.3) is entirely reasonable, since inversion changes the sign of 
the polar vector p, and particles with momentum p are therefore replaced by 
particles with momentum — p. 

In (13.3) the operators a, and b, are transformed either both with the upper sign 
or both with the lower sign. In the second quantization formalism, this expresses 
the fact that particles and antiparticles (with spin zero) have the same internal 
parity, a result which is evident because they are described by the same (scalar or 
pseudoscalar) wave functions. 

The w-operator (13.4) 1s also symmetrical under a transformation which has no 
analogue in the non-relativistic theory, that of charge conjugation (the C trans- 
formation). If all the operators 4, and b, are respectively interchanged: 


A 


C:4,>b,, 6,4, (13.6) 


(i.e. if particles and antiparticles are interchanged), then ui becomes the charge- 
conjugate operator &°, where 


bo(t,r) = b(t, r). (13.7) 


This equation expresses the symmetry of the concepts of particles and antiparticles 
in the theory. 

There is an unimportant formal arbitrariness in the definition of the charge- 
conjugation transformation. The significance of the transformation is unchanged if 
an arbitrary phase factor is included in the definition (13.6): 


. a a 


a, e"b,, b,> eG). 


This would lead to 
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and a twofold repetition of the transformation would again yield an identity 
(> Ws). All such definitions are equivalent, however. Since the properties of the 
w-operators are unchanged on multiplication by a phase factor (cf. the end of $12), 
we can simply write fe?” in place of w, and thus again obtain the definition of 
charge conjugation (13.6), (13.7). 

Since charge conjugation replaces a particle by its antiparticle, which its not 
identical with it, no new properties of a particle or a system of particles, as such, 
will in general arise. 

An exception is formed by systems comprising equal numbers of particles and 
antiparticles. The operator C transforms such a system into itself, and so in this 
case the operator has eigenstates, corresponding to the eigenvalues C = + 1 (since 
C*=1). To describe the charge symmetry, we may regard the particle and the 
antiparticle as two different ‘charge states’’ of the same particle, differing in the 
value of the charge quantum number Q = + 1. The wave function of the system is 
the product of an orbital function and a ‘“‘charge” function, and must be. sym- 
metrical with respect to simultaneous interchange of all the variables (coordinate 
and charge) of any pair of particles. The symmetry of the “‘charge’’ function 
determines the charge parity of the system (see the Problem at the end of this 
section).T 

The concept of charge parity, which arises in a natural manner for “strictly 
neutral’’ systems, must apply also to strictly neutral “‘elementary” particles. In the 
second quantization formalism, this concept is represented by the equation 


po = +d, (13.8) 


where the plus and minus signs correspond to charge-even and charge-odd particles 
respectively. 

Relativistic invariance implies invariance under 4-inversion (see §11). For a 
scalar field operator (in the sense of 4-rotations) this means that 4-inversion must 
give 


W(t, r) > (-t, —r) 


with the right-hand side always positive. In terms of transformations of the 
operators d,, b,, the transformation of p(t, r) into y(—t, —r) is obtained by inter- 
changing the coefficients of e '* and e'”* in (13.4), i.e. by making 


A 


ad,>bt, b> 4. (13.9) 


Since a-operators are replaced by b-operators, this involves interchange of parti- 
cles and antiparticles. We see that, in the relativistic theory, there is a natural 
requirement of invariance under a transformation in which spatial inversion (P) 
and time reversal (T) are accompanied by charge conjugation (C); this is called the 
CPT theorem.t 


t In this discussion we are considering a particle with spin zero. The treatment given here can be 
immediately generalized to other spin values; see, for instance, §27, Problem. 
t This theorem was enunciated by G. Liiders (1954) and W. Pauli (1955). 
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Here, however, it must be emphasized that, although the arguments given in 
§§11 and 12 and the present section are a natural development of the ideas of 
ordinary quantum mechanics and classical relativity theory, the results thus 
obtained go beyond these both in form (W-operators including both particle creation 
and particle annihilation operators at the same time) and in content (particles and 
antiparticles). They cannot therefore be regarded as logically necessary, but 
embrace new physical principles whose correctness can be tested only by experi- 
ment. 

If the operator (13.4) transformed by (13.9) is denoted by w°?"(t,r), we can 
write 


wT (t,r) = b(-t, -r). (13.10) 


Thus, if 4-inversion is formulated as the transformation (13.9), we thereby 
establish also the formulation of the time-reversal transformation of the w-opera- 
tor: together with the combined inversion transformation CP, it must give 
(13.9). Using the definitions (13.3) and (13.6), we therefore find 


a 


T:d,>+4*,, 6,>+b+,, (13.11) 


where the signs + correspond to those in (13.3). The significance of this trans- 
formation is obvious: time reversal not only changes motion with momentum p into 
motion with momentum —p, but also interchanges initial and final states in the 
matrix elements. The annihilation operators for particles with momentum p are 
therefore replaced by creation operators for particles with momentum —p. Making 
the substitutions (13.11) in (13.4) and changing the notation for the summation 
variable (p— — p), we obtaint 


wT (t,r)=+*(-t,r). (13.12) 


This is similar to the general rule for time reversal in quantum mechanics: if a 
certain state is described by the wave function (t,r), then the “‘time-reversed”’ 
state is described by the function w*(—t,r). The change to the complex conjugate 
function is necessary because the “correct” time dependence must be restored, 
after being lost through the change in the sign of t (E. P. Wigner, 1932). 

Since the transformation T (and therefore CPT) interchanges the initial and 
final states, there are no eigenstates and eigenvalues, and therefore no new 
properties of particles as such. The consequences as regards scattering processes 
will be discussed in §§69 and 71. 

Let us see how the current 4-vector operator j" (12.8) is affected ‘by the 
transformations C, P and T. The transformation (13.2), together with (do, @;)> 
(do, —0;), gives 


P:(°, p22 G°. —De—r (13.13) 


t If the operation T is defined without regard to the other transformations, there is the same 
arbitrariness in the choice of the phase factor as occurs for the operation C. The requirement of CPT 
symmetry implies that the phase factor can be chosen arbitrarily for only one of the transformations C 
and T. 
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as we should expect for a true 4-vector. The transformation (13.7) would give simply 
CP. Durr? Dur (13.14) 


if the operators and wu’ commuted. However, the non-commutativity of these 
operators is due only to that of the operators d, and d% (or b, and b;) with the 
same p, and from the commutation rules (11.4) the interchange of these operators 
produces only terms independent of the occupation numbers, 1.e. independent of 
the state of the field. Omitting these terms as unimportant, as in (11.5), (11.6), we 
return to (13.14), whose significance is evident: charge conjugation replaces parti- 
cles by antiparticles and thus changes the sign of every component of the 4-current. 

Since the operation of time reversal involves transposing the initial and final 
States, it changes the order of the factors in a product of operators. For example, 


(h* a,b)™ = (a,b)" (hy? 


Here, however, this is not important: since the w-operators commute (in the sense 
explained above), the result is unaffected by returning to the original order of 
factors. Since also (do, 0;) >(— do, 0;) under time reversal, the current transformation 
rule is 


Ti. Due, pur. (13.15) 
The three-dimensional vector j changes sign, in accordance with its classical 
significance. 
Finally, for the CPT transformation, 


CPT: (7°, nr (-3°, -)-t.- (13.16) 


in accordance with the significance of this operation as 4-inversion. Here it must be 
emphasized that, since 4-inversion is a rotation of the 4-coordinate system, it does 
not correspond to two types (true and pseudo) of 4-tensors of any rank. 

So far, we have assumed that the particles are free; but parity quantum 
numbers acquire real significance only when interacting particles are considered 
and definite selection rules are imposed which allow or forbid specified processes. 
Only conserved properties, however, can have this significance; that is, the eigen- 
values of operators which commute with the Hamiltonian of the interacting 
particles. 

Because of relativistic invariance, the CPT transformation operator always 
commutes with the Hamiltonian. For the C and P (and therefore T) trans- 
formations separately, experiment shows that the electromagnetic and strong 
interactions are invariant, and the corresponding parity quantum numbers are 
therefore conserved in these interactions. In a weak interaction, these conservation 
laws do not hold.t 


t The idea that parity might not be conserved in weak interactions was first put forward by T. D. Lee 
and C. N. Yang (1956). The general notion that the laws of physics might not have P and T invariance 
had previously been suggested by Dirac (1949). 
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Anticipating a little, we may mention that the operator of the interaction 
between charged particles and the electromagnetic field is given by the product of 
the operator 4-vectors A-and j. Since charge conjugation changes the sign of j, the 
invariance of the electromagnetic interaction under this transformation means that 
the sign of A must also be changed. Thus photons are charge-odd particles. 

This behaviour of the operators A is in accordance with the properties of the 
4-potential in the classical theory: from the transformations 


Cc (Ao, A)—>(—Ao, —A): +, 
P: (Ao, A) rad (Ao, —A), —r 
CPT: (Ao, A) (—Ao, ~A)-1, -r 


it follows that 
T: (Ao, A) (Ao, ~A)-tes 


in agreement with the classical rule for the transformation of the electromagnetic 
field potentials under time reversal. 

The requirement of CPT invariance does not impose any limitations on the 
properties of the particles themselves, but it implies certain relations between those 
of particles and antiparticles. Firstly, their masses must be equal, as is evident from 
the relation described in §11 between 4-inversion and the basis of the concept of 
particles and antiparticles. Next, it follows from CPT invariance that there 1s only a 
difference of sign in the proportionality coefficients between the electric and magnetic 
moment vectors and the particle and antiparticle spin vector. The magnetic moment 
changes sign under the C and T transformations but (being an axial vector) is not 
affected by the P transformation. Hence the CPT transformation, which converts a 
particle into an antiparticle, does not change the sign of the magnetic moment; the spin 
vector does change sign. The same applies to the electric moment, which is unchanged 
by time reversal but changes sign under the C transformation and (being a polar 
vector) under spatial inversion. 

The requirements of P and T invariance (if complied with) restrict the proper- 
ties of each particle, prohibiting the existence of an electric dipole moment: the 
only vector that can be constructed from the w-operators of an elementary particle 
at rest is its spin operator vector, which is P-even and T-odd, and can therefore give 
rise to a magnetic moment but not an electric moment. We must emphasize that 
either P invariance or T invariance is sufficient to invoke this prohibition. 


PROBLEM 


Determine the charge and spatial parities of a system of two particles with spin zero (particle and 
antiparticle) and orbital angular momentum of relative motion I. 

SOLUTION. Interchanging the coordinates of the particles is equivalent to inversion (about their 
centre of mass), and therefore multiplies the orbital function by (—1)'; interchanging the charge variables 
is equivalent to charge conjugation, and multiplies the ‘“‘charge’’ factor in the wave function by the 
required parity C. The condition C(—1)' = 1 gives 


C=(-l). 
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The spatial parity P of the system ts the product of the orbital parity and the internal parities of the two 
particles. Since the particle and the antiparticle have the same internal parity, in this case P is equal to 
the orbital parity: 


P =(-1Y. 


$14. The wave equation for a particle with spin one 


A particle with spin one is described in its rest frame by a three-component 
wave function, a three-dimensional vector; such a particle is often called a vector 
particle. The four-dimensional origin of this vector may be as the three spatial 
components of the space-like 4-vector yw" or the mixed components of the 
antisymmetric 4-tensor w“” of rank two; the time component w° and the space 
components w are zero in the rest frame.t 

The wave equation is a differential relation between the quantities Ww“ and w*’, 
and will be written as the equations 


iW, = Pu, — Dw, (14.1) 
im, = BW (14.2) 


with p = id (A. Proca, 1936). Applying the operator p” to both sides of equation 
(14.2), we have 


pb, = 0, (14.3) 


since w,, IS antisymmetric. 
By substituting (14.1) in (14.2) to eliminate w,,, and using (14.3), we obtain 


(p> — m’)b, = 0, (14.4) 


whence it is again evident (cf. §10) that m is the mass of the particle. Thus a free 
particle with spin one can be described by a single 4-vector yw", whose components 
satisfy the second-order equation (14.4), and also the further condition (14.3), 
which eliminates from yw" the part pertaining to spin zero. 

In the rest frame, where w, is independent of the spatial coordinates, we find 
that p°wo = 0. Since also p°o = my, it is seen that in the rest frame Wo = 0, as it 
should be, and the w, are likewise zero. 

A particle with spin one can have different internal parities, according as y* is a 
true vector or a pseudovector. In the former case 


Py =(y°, -'), 
and in the latter case 
By = (-p’, y'). 


t Anticipating, we may mention that the ensemble of the 4-vector wy, and the 4-tensor »”” 
corresponds to that of the 4-dimensional spinors of rank two &°°, neg, ¢°°, where °° and nag are 
symmetrical spinors changed into each other on inversion (§19). 
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Equations (14.1), (14.2) can be derived from the variational principle, using the 
Lagrangian 


L = ph * — hb * (Oud, — Oh) — 20" (GW = AWE) + mepwe*. (14.5) 


The independent generalized coordinates are here represented by y,, %*, w,., w%,.T 

To find the energy-momentum tensor, formula (10.11) is not entirely suitable 
here, since it would lead to an unsymmetrical tensor requiring further sym- 
metrization. Instead, we can use the formula 


1 ge uae BD a(LV- a(LV ~ 8), a(LV — a(LV —g) 
>T,,V § = ax ag" ' age’ (14.6) 
in which L is assumed to be expressed in a form appropriate to any curvilinear 
coordinates (see Fields, §94). If L contains only the components of the metric 
tensor g,,, and not their derivatives with respect to the coordinates, the formula 
becomes simply 


2 a(LV~g) _» aL aL ang 
BY KY 


Ba og ag ag 


(since d log g = — g,,dg"”). 

Since the differentiation in formula (14.6) is not with respect to the quantities 
Ww, W.., these quantities need not be regarded as independent when applying the 
formula; we may immediately make use of the relationship (14.1) to rewrite the 
Lagrangian (14.5) as 

L = —Wy.%,2"2" + mbw*e””. (14.7) 
Then 
ee a SS Warw>* va * wt + m (pty, = wrw,) + Zur QW ?* = mbt’). (14.8) 
In particular, the energy density is given by the essentially positive expression 


Too = 2h + Poids + m7(hourd + Wah). (14.9) 
The conserved current density 4-vector is given by 
JP = 1p, — perp). (14.10) 
This can be obtained, in accordance with (12.12), by differentiating the Lagrangian 


+ If the variation were made with respect to w, only (assuming w,. already expressed in terms of w, 
by (14.1)), equation (14.3) would have to be imposed as an additional condition unrelated to the 
variational principle. 
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(14.5) with respect to the derivative 0,y,. In particular 


7° = 1h * dy — WE) (14.11) 
and is not an essentially positive quantity. 


A plane wave normalized to one particle in the volume V = 1 is 


ue '*, u,u** = —1, (14.12) 


4 
Wy | (2¢) 


where u, is the unit polarization 4-vector, which, by (14.3), satisfies the condition 
of four-dimensional transversality, 


u,p" = 0. (14.13) 
For, on substituting the function (14.12) in (14.9) and (14.11), we obtain 
To = —2e7*W,w"* = «, pP=1. 


Unlike the photon, a vector particle with non-zero mass has three independent 
directions of polarization. The corresponding amplitudes are given in (16.21). 

The density matrix for partially polarized vector particles is defined so that in a 
pure state it reduces to the product 


Pur = U,Uy 


(similarly to (8.7) for photons). According to (14.12) and (14.13), it satisfies the 
conditions 


pp,» =0, pL=-—l1. (14.14) 


For unpolarized particles, p,, must have the form ag,,+bp,p,. When the 
coefficients a and b are found from (14.14), the result is 


Pu = —(2,» — Pup./m”). (14.15) 


The quantization of the vector particle field is entirely analogous to the scalar 
case, and there is no need to repeat the arguments. The w-operators of the vector 
field are 


.. 1 A a) .—ipx n+ a ipx 
.. 1 a+ a ipx a a —ipx 
pt = 2s ae) ava e”* + bu e7*), 


where the suffix a labels the three independent polarizations. 
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As in the scalar case, Bose quantization is necessary because the expression 
(14.9) for Too is positive definite and the expression (14.11) for j° is not. 

There is a close connection between the properties of strictly neutral vector and 
electromagnetic fields. The neutral vector field is described by an Hermitian 
w-operator: 


uy’? e iPx (a)x e iPx 
a> Jon (Cpu + és,u‘ ). (14.17) 
The Lagrangian of this field is 
C= ibe” — rb" (auth, — Ob.) + am Wh". (14.18) 


The electromagnetic field corresponds to m = 0. The 4-vector yw" then becomes 
the 4-potential A”, and the 4-tensor w"” becomes the field tensor F*%”’, which is 
related to the potential by the definition (14.1). Equation (14.2) becomes @’y,, = 0, 
corresponding to the second pair of Maxwell’s equations. This does not imply the 
condition (14.3), which therefore is no longer obligatory. Since the extra condition 
has disappeared, there is no need to regard Wy and War as independent “‘coor- 
dinates” in the Lagrangian, and (14.18) becomes 


£ A A 


= ah” (14.19) 


in agreement with the familiar classical expression for the Lagrangian of the 
electromagnetic field. This Lagrangian, like the tensor Wyrs is invariant under any 
gauge transformation of the “potentials” w,. There is an evident connection 
between this property and the zero mass: the Lagrangian (14.18) does not possess 
the property, because of the term m 2". 


§ 15. The wave equation for particles with higher integral spins 


Since the wave equations (14.3), (14.4) follow immediately when the particle 
mass and spin are given, the practical utilization of the Lagrangian involves not so’ 
much the derivation of these equations as the establishment of expressions for the 
field energy, momentum and charge. 

To do so we can, as already mentioned, use in place of (14.5) the expression 
(14.7), and the latter can be further transformed as follows. From (14.1), it can be 
rewritten as 


L = ~(d,b*)("h") + (A,be)(0"p’) + mp? * 
= — (APT VO" p’) + mepipr + A, (wea"’) — wha"anp”. 


The last term is zero, by (14.3), and the one preceding it is a total derivative. 
Omitting this, we obtain the Lagrangian 


L' = — (d,WF)(0"h") + mewiy. (15.1) 
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This has the same form as the Lagrangian (10.9) for a particle with spin zero, the 
only difference being that the scalar w is replaced by the 4-vector w, and the sign is 
changed. The change of sign occurs because yw, 1s a space-like vector, so that 
ww" * <0, whereas for a scalar particle py* > 0. 

_On constructing the energy-momentum 4-tensor and the current 4-vector from 
the Lagrangian (15.1), we obtain expressions of the same form as (10.12) and 
(10.18) for the scalar field: 


je ae d.w** : OW _ d,yy** ; OuW, Liss (15.2) 
ju = — LWT,  — (A.Wh) yp"). (15.3) 


Thd difference between these and (14.8), (14.10) is again a total derivative. But it 
has already been stressed that the local values of these quantities have no profound 
physical significance. Only the volume integrals P, (10.15) and Q (10.19) are 
important, and these will be the same for either choice of T,, and j,. 

This method of description can be immediately generalized to particles with any 
(integral) spin. The wave function of a particle with spin s is an irreducible 4-tensor 
of rank s, i.e. a tensor symmetrical in all its indices and vanishing on contraction 
with respect to any pair of indices: 


U gw Vege Wag 0, (15.4) 

This tensor must satisfy the additional condition of 4-transversality: 
pp’... =9, (15.5) 

and each of its components must satisfy the second-order equation 
(p> - m*)p.. = 0. (15.6) 
In the rest frame, the condition (15.5) means that every component of the 4-tensor 
whose indices include a zero must vanish. Thus the wave function in the rest frame 
(i.e. in the non-relativistic limit) ts equivalent, as it should be, to an irreducible 

3-tensor of rank s, the number of independent components of which is 2s + 1. 

The Lagrangian, the energy-momentum tensor and the current vector for a field 


of particles with spin s differ from (15.1}-(15.3) only in that y, is replaced by fy, 
The normalized plane wave is 


—ipx v 


| 
a By... * MY... 
17 V(2e) 4 err. us, u l, (15.7) 


the wave amplitude satisfying the conditions 
uo’ -p, =0. (15.8) 


There are 2s + 1 independent polarization states. 
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The quantization of the field is effected by an obvious generalization from the 
cases of spin zero and one. 

The procedure given above is entirely sufficient for the stated purpose: to 
describe a field of free particles. The situation is different if it is proposed to 
describe the interaction of the particles with an electromagnetic field. This inter- 
action would have to be included in the Lagrangian in order to yield all the 
equations without the need to impose additional conditions. In practice, however, 
this description of the interaction is found to be applicable only for electrons, 1.e. 
particles with spin 3 (see §32). For other spin values, therefore, the problem is only 
of methodological interest. 

For any spin s > 1 (integral or half-integral), it proves impossible to formulate a 
variational principle by means of a single (tensor or spinor) function whose rank 
corresponds to the given spin. It is necessary to use additional tensor or spinor 
quantities of lower rank. The Lagrangian is then so chosen that these auxiliary 
quantities must be zero on account of the free-particle field equations which follow 
from the variational principle.t 


§ 16. Helicity states of a particlet 


In the relativistic theory the orbital angular momentum 1 and the spin s of a 
moving particle are not separately conserved. Only the total angular momentum 
j =1+:s is conserved. The component of the spin in any fixed direction (taken as the 
z-axis) is therefore also not conserved, and cannot be used to enumerate the 
polarization (spin) states of the moving particle. 

The component of the spin in the direction of the momentum is conserved, 
however: since |=rxXp the product s-nm is equal to the conserved product 
j-n (n= p/|p|). This quantity is called the helicity; it has already been mentioned. in 
§8 in relation to the photon. Its eigenvalues will be denoted by A (A =— s,..., +5), 
and states of a particle having definite values of » will be called helicity states. 

Let w,, be the wave function (plane wave) describing the state of a particle with 
definite values of p and A, and up) its amplitude; to simplify the notation, we 
shall omit the indices for the components of this function (4-tensor indices for a 
particle with integral spin). 

It has been shown in earlier sections that a wave function with more than 2s + 1 
components is needed in order to give a relativistic description of particles with 
non-zero (integral) spin. But the number of independent components remains equal 
to 2s + 1; the “‘extra’’ components are eliminated by imposing additional conditions 
which cause these components to vanish in the rest frame. In Chapter III this will 
be shown for half-integral s also. 

According to the formulae for transformation of the angular momentum (see 
Fields, §14), the helicity is invariant under those Lorentz transformations which do 
not alter the direction of p along which the angular momentum component is taken. 
The number A therefore remains a good quantum number under such 


t See M. Fierz and W. Pauli, Proceedings of the Royal Society A173, 211, 1939. The procedure indicated 
above is carried out in this paper for particles with spin 3/2 and 2. 
¢ The discussidn in this section relates to particles with any spin (integral or half-integral). 
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transformations, and the symmetry properties of helicity states can be studied by 
means of a frame of reference in which the momentum |p| « m (in the limit, the rest 
frame). Then &,, reduces to a non-relativistic wave function with 2s + 1 components. 
Let its amplitude be denoted by w")(n), the argument being the direction n= p/|p| 
along which the angular momentum is quantized. The amplitude w”? is an eigen- 
function of the operator n-s: 


(n-§)w?'(n) = Aw (n). (16.1) 


In the spinor representation, w”? is a contravariant symmetrical spinor of rank 2s; 
according to the correspondence formulae (QM, (57.2)), its components can also be 
enumerated by the corresponding values of the spin component o along a fixed 
Z-axis.f 

In the momentum representation, the wave functions of the states considered 
are essentially the same as the amplitudes u?(p): 


Wpr(k) = uk) — n) = u"(p)8(v — no), (16.2) 


where the momentum as an independent variable is denoted by k, as contrasted 
with its eigenvalue p, and v = k/|k|, as against n = p/|p|.¢ In the non-relativistic limit, 


Wary) = wv) SOW — n) = w'(n)8(v — n). (16.3) 
This expression should be written in the more explicit form 
Waly, o) = we (vd (v — n), 


showing the discrete independent variable a. 

The helicity operator §-n commutes with the operators J; and j°, since the 
angular momentum operator is related to an infinitesimal rotation of the coor- 
dinates, and the scalar product of two vectors is invariant under any rotation. 
There exist, therefore, stationary states in which the particle simultaneously has 
definite values of the angular momentum j, its component j, = m, and the helicity A. 
Such states will be called spherical helicity states. 

Let us determine the wave functions of these states in the momentum 


+t These arguments, like the possible values shown for A, apply to particles with non-zero mass. For 
massless particles there is no rest frame, and the helicity can take only the two values A = +s. This is 
because of the fact already mentioned in §8, that the states of such a particle are classified by their 
behaviour with respect to the axial-symmetry group, which allows only twofold degeneracy of levels (as 
regards the properties of the wave equation, this means that in the limit as m > 0 the set of equations for 
a particle with spin s separates into independent equations corresponding to massless particles with 
spins s,s—1,...). For example, the photon has A =+1, and the corresponding w”’ are the three- 
dimensional vectors e*” (8.2). 

+ The delta function &” is defined so that 


| § (py — n)do, = I. 


The delta function which imposes a fixed value of the energy is omitted in (16.2), and similarly in (16.4) 
below. 
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representation. This may be done by direct analogy with the formulae derived in 
QM, §103 for the wave functions of a symmetrical top. They were obtained there 
on the basis of the formulae for the transformation of wave functions under finite 
rotations (QM, §58). These in turn were based solely on the symmetry propertiés 
with respect to rotation, and are therefore applicable to functions in the momentum 
representation just as much as to coordinate functions. 

In addition to the coordinates x, y, z fixed in space (with respect to which the 
functions Wm, are written), we shall also use “‘moving”’ coordinates &, n, ¢, with the 
f-axis in the direction of ». Without repeating the argument (cf. the derivation of 
QM, (103.8)), we can write 


Wima(k) = bj Din (v), 


where w’ is the wave function in the moving coordinates, describing the state of a 
particle with a definite value of the ¢-component of the angular momentum, j, = A; 
in the momentum representation, of course, this function is the same as the 
amplitude u”’. The normalized wave function (see below) is 


Wima(K) = q at DY.(v)uM(k). (16.4) 


Here, however, there is a question of the choice of phases, because of the 
following non-uniqueness: a rotation of the coordinates é, n, ¢ relative to x, y, z is 
defined by three Eulerian angles a, B, y, whereas the direction of v, on which the 
particle wave function can alone depend, is defined by the two spherical angles a = 
and B = 6. It is thus necessary to agree on some definite choice of the angle y. We shall 
take y =0, defining D9),(v) as. 


D4n(v) = Don, 6, 0) = e""® dii,(8). (16.5) 


From QM, (58.21), the functions (16.5) are seen to satisfy the orthonormality 
conditions: 


a 
An ~~ 2j ray Sirin Sm imps 


[ Di. *0) D&..0) (16.6) 
where do, = sin 6 d6 dd. The orthogonality of the functions jm, with respect to the 
suffix A is ensured by the factor u®’. Thus the functions jm, are orthogonal in all 


three suffixes, as they should be, and with the coefficient chosen in (16.4) they are 
normalized by the condition 


i lieihdo, =a. (16.7) 


Here we assume that the amplitudes u”? are normalized to unity: u™u?™ = 1. 

Let us now consider the behaviour of the wave functions of helicity states 
under inversion of the coordinates. The product of the polar vector v and the axial 
vector j is a pseudoscalar. It is therefore obvious that inversion will change a state 
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with helicity A into one with helicity —A; all that is necessary is to determine the 
phase factors in these transformations. 

Under inversion, v— — v. The vector v is defined by the two angles ¢ and @, and 
the transformation v—-—v is brought about by the changes 6> d+ 7, 0-7 - @. 
This determines the ¢-axis but leaves indefinite the position of the € and 7 axes, 
which depends also on the third Eulerian angle y; the transformation of 6 and @ 
alone does not distinguish, in this sense, between reflection of the coordinates and 
rotation of the ¢-axis. Expressed in terms of all three Eulerian angles, inversion is 
the transformation 


a=od-dt+7, BF=O>77-86, yroru-y. (16.8) 


Hence, if D¥},(v) is defined as in (16.5) (i.e. with y = 0), and the transformation 
v—-—v is regarded as being the result of inversion, then 


D? (-v) = D}).(6 + 1, 7 — 6, 77). (16.9) 
From formulae QM (58.9), (58.16) and (58.18) we hence find 


Di,(—v) = e®* dm — 8) emer 
= (1) ed) (8) 
= (-1)'"*D%, n(o, 8, 9), 
Or 
Din(—v) = (-1) “DY m(v), (16.10) 


where j — A 1s an integer. 
A similar formula for the spinor w’’ can be obtained by noticing that its 
(A) 


components w,;’ are the same, apart from a factor, as the functions 


(A) 


wv) ~ DYI(v)*. (16.11) 


For, by applying the transformation formulae QM (58.7) to the spin eigenfunctions 
and taking the £-component of the spin to have a definite value A (i.e. replacing Win 
by 5m, on the right-hand side of QM (58.7), we find that D‘?(v) are the spin wave 
functions corresponding to definite values of the z and £ components (o and A) of 
the spin. The set of these functions with o =—s,...,+s forms, according to the 
correspondence formulae (QM (57.6)), a covariant spinor of rank 2s. The com- 
ponents of the contravariant spinor, which according to the formulae QM (57.2) 
correspond to the components w’’, are transformed as the complex conjugates of 
the components of the covariant spinor of the same rank. 
From (16.10) and (16.11), we have 


w)(—p) = (-1) “wo 'v), (16.12) 


where s—A is an integer. The inversion operation applied to w’, however, not 
only changes v into —v but also multiplies w”’’ by a common phase factor (the 
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‘internal parity” of the particle), which we shall denote by 7: 
Pw) = qw?(—v) = n(— 1)? woM). (16.13) 
For the relativistic amplitude u”(k), this transformation becomes 


Pu(k) = npu(—k) 
= n(-1) uk), (16.14) 


where B is a certain matrix which is a unit matrix with respect to the components 
of u® which remain in the limit |p| 0. It is important to note that this matrix does 
not depend on the quantum numbers of the state, and in this sense the difference 
between (16.13) and (16.14) is unimportant.t 

On applying (16.14) to (16.2), we obtain the law of transformation of the wave 
functions of the states |nA): 


Pia (v) = n(-1)8 Wn, (0). (16.15) 


For spherical helicity states, using (16.10) and (16.12), we obtain the transformation 
law 


Pubima (VY) = 9(— 1) Wim, -a()- (16.16) 


The states Wimo are transformed into themselves, according to (16.16), 1.e. they 
have a definite parity. If 4 #0, however, only superpositions of states with opposite 
helicities have a definite parity: 


‘i l 
Vinal = 75 ima * Yim, a): (16.17) 
On inversion, these are transformed into themselves: 


Pushy) = = n(- 1) WA). (16.18) 


It should be noted that in this section we have arrived at a classification of 
states of a free particle with a given angular momentum, using only conserved 
quantities and without invoking the concept of the orbital angular momentum 
(which was employed, for instance, in §§6 and 7 for classifying photon states). 

As an example, let us consider the case of spin one. In the rest frame the 
amplitudes u®) (4-vectors) become the three-dimensional vectors e”’, which here 
take the place of the amplitudes w”’. The action of the operator of spin one on the 
vector function e is given by the formula 


(Sie), = — bexies; (16.19) 


t For example, when s = 1 the amplitudes u” are the 4-vectors (16.22); B is then entirely a unit 
matrix with respect to the 4-vector indices, B,, = 5,,. When s = 3, as we shall see in Chapter III, u® is a 
bispinor, the phase factor n = i, and B is the Dirac matrix y’ (see (21.10)). 
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see QM, 857, Problem 2. Thus equation (16.1) becomes 
inxe”’ =e"? (16.20) 


The solutions of this equation (in €yn~ coordinates with the f-axis im the direction of 
n) are the same as the spherical unit vectors (7.14):T 


e = i(0,0, 1), P= Fs (1, +1,0). (16.21) 


In a frame of reference in which the particle has momentum p, the helicity state 
amplitudes are the 4-vectors 


yOu = (Le ~ e) yi De = (0 el!) (16 22) 
m’m ; 
If e is a polar vector, then » =~—1, and the functions (16.17), which are 


three-dimensional vectors when s = 1, have the following parities: 


Wimial: P= (1), 
Wimiali P = (-1)*', 
Wimo: P = (-1). 


On comparing with the definition of the spherical harmonic vectors (7.4), we see 
that these functions are identical (apart from phase factors) with Y‘?, Y\7’, Y‘) 
respectively. After ascertaining the phase factors (by comparing values for @ = 0, 
say), we obtain the equations 


Yin = ieee He DY, +e DY n), 
yw = Patt (DY, +e-"'D", ,), (16.23) 
eo ee 


where j is an integer; e®’ =n Xe”? are spherical unit vectors along axes &', 7’, ¢ 


which are obtained from é, n, £ by a rotation of 90° about the ¢-axis. | 
The last formula (16.23) is equivalent to the expression QM. (58.23) for d§),(@). 
The first or second formula (16.23) leads to a simple expression for the functions 


+ The choice of phase factors is determined by the condition that the spin operator matrix elements 
calculated with the eigenfunctions (16.21) must be in accordance with the general definitions in QM, 
§§27 and 107. 
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prt [+1 po, = vig ee 
| l (+1l)*& 
= “ys : V Yim: 
Vig+bI° 


The scalar product on the right can be written explicitly in the coordinates €, n, {, 
with 


(3; ~\-+ (5 <a) 
dé’ dn 00’ sin @ dd /’ 
With the definitions (7.2) of Yjm and (16.5), the result is 


(i) — (1\m+1 (j—m)! ( <a m ) m = 
di m(@) = (-1) G+ muGr) en Gea P™(cos 0), m=O. 


(16.24) 


CHAPTER III 


FERMIONS 


§ 17. Four-dimensional spinors 


IN THE non-relativistic theory, a particle with arbitrary spin s is described by a 
quantity with 2s + 1 components, a symmetrical spinor of rank 2s. These quantities 
are, mathematically, realizations of the irreducible representations of the spatial 
rotation group. 

In the relativistic theory, this group is only a subgroup of the. wider group of 
four-dimensional rotations, the Lorentz group. It is therefore necessary to develop 
the theory of four-dimensional spinors (4-spinors), as quantities which are realiza-. 
tions of the irreducible representations of the Lorentz group. This theory will be 
given in §§17-19. In §§17 and 18 we shall consider only the proper Lorentz group, 
which excludes spatial inversion; the latter will be dealt with in §19. 

The theory of 4-spinors is analogous in structure of that of three-dimensional 
spinors (B. L. van der Waerden, 1929; G. E. Uhlenbeck and O. Laporte, 1931). 

A spinor &* is a quantity having two components (a = 1, 2); as components of 
the wave function of a particle with spin 3, €' and &? correspond to the respective 
eigenvalues +} and —; of the z-component of the spin. Under any transformation 
belonging to the (proper) Lorentz group, the two quantities é' and &’ are trans- 
formed into linear combinations of themselves: 


1 i 2 
Mee te a (17.1) 


The coefficients a, B, y, 5 are definite functions of the angles of rotation of the 
4-coordinate system, and must satisfy the condition 


ad — By =1; (17.2) 


that is, the determinant of the binary transformation (17.1) is equal to unity, as are 
the determinants of the coordinate transformations in the Lorentz group. 

Because of the condition (17.2), the bilinear form &'S?— €=' (where &* and 
=* are two spinors) is invariant under the transformation (17.1), and corresponds to 
a particle with spin zero which ‘‘consists” of two particles with spin }. In order to 
write such invariant expressions in a natural way, the “covariant” components é, 
are used as well as the “contravariant’’ components &° of the spinor. Their 


relationship is governed by the “‘metric spinor” g,,:T 


ba Lopes (17.3) 


+t The spinor indices will be denoted by the letters at the beginning of the Greek alphabet: a, B, 
Verbs 
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where 


QO 1 
ae & a (17.4) 
so that 


&=@, &=-€. (17.5) 


Then the invariant é'=’— ¢?=' becomes the scalar product &é*=,, and &°H, = 


jomext 
_ poy & 
a . 


The properties so far stated are formally the same as those of three-dimensional 
spinors. A difference arises, however, when complex-conjugate spinors are con- 
sidered. 

In the non-relativistic theory, the sum 


iy + wey, (17.6) 


which determines the probability density for the localization of the particles in 
space, must be a scalar, and the components %°* must therefore be transformed as 
the covariant components of a spinor; the transformation (17.1) must therefore be 
unitary (a = 6*, B = — y*). In the relativistic theory, however, the particle density 
is not a scalar, but is the time component of a 4-vector. The above-mentioned 
condition therefore no longer applies, and the transformation coefficients need 
satisfy no condition other than (17.2). The four complex quantities a, B, y, 6 under 
the condition (17.2) alone are equivalent to 8 — 2 = 6 real parameters, in accordance 
with the number of angles which define a rotation of the 4-coordinate system 
(rotations in six coordinate planes). 

Thus complex-conjugate binary transformations are quite different, and in the 
relativistic theory there exist two types of spinors. A special notation is customary, 
in order to distinguish these two types: the indices of spinors which are trans- 
formed by the complex conjugate formulae to (17.1) are written with dots over 
them and are called dotted indices. Thus, by definition, 


Hoe, (17.7) 


where the sign ~ denotes “‘is transformed as’’. The transformation formulae for a 
‘“dotted”’ spinor are therefore 


7" ae a*y! + B* 1’, 7” a5 y*n' + §* 1’, (17.8) 


The operations of raising and lowering the dotted indices are carried out in the 
same way as for the undotted indices: 


n=n, m=-n'. (17.9) 


The behaviour of 4-spinors as regards spatial rotation is the same as that of 
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3-spinors, for which, as we know, w* ~ w*. According to the definition (17.7), the 
4-spinor 7, therefore behaves under rotations in the same way as the contravariant 
3-spinor w*. The covariant components 7; and 7) therefore correspond, as the 
components of the wave function of a particle with spin 3, to the eigenvalues } and 
—} of the spin component. 

Spinors of higher rank are defined as sets of quantities which are transformed: 
as products of the components of a number of spinors of rank one. The indices of 
these spinors of higher rank may be partly dotted and partly undotted. For 
example, there exist three types of spinors of rank two: 


ae, rea. Gr eens 


In this respect, the statement of just the total rank of a spinor does not uniquely 
define it; we shall therefore, where necessary, indicate the rank as a pair of 
numbers (k, 1), the numbers of undotted and dotted indices respectively. 

Since the transformations (17.1) and (17.8) are algebraically independent, it is 
not necessary to specify the sequence of dotted and undotted indices; in this sense 
the spinors ¢°* and £°*, for example, are the same. 

In order to be invariant, every spinor equation must have on each side the same 
numbers of undotted and dotted indices, since otherwise the equation could not 
remain valid when the frame of reference was changed. Here we must remember 
that taking the complex conjugate implies interchanging dotted and undotted 
indices. The relationship n°’ = (é*°)* between two spinors is therefore invariant. 

Spinors or their products can be contracted only.with respect to pairs of indices 
of the same kind (dotted or undotted); summation with respect to two indices of 
different kinds is not an invariant operation. Hence, from the spinor 


(Site eNB PB (17.10) 


which is symmetrical in all k undotted indices and in all | dotted indices, we can 
obtain no spinor of lower rank (since contraction with respect to a pair of indices in 
which the spinor is symmetrical gives zero). Thus we cannot construct from the 
quantities (17.10) a smaller number of linear combinations of them which in turn 
are transformed into linear combinations of themselves by every transformation in 
the group. That is, the symmetrical 4-spinors are realizations of the irreducible 
representations of the proper Lorentz group. Each irreducible representation is 
specified by the pair of numbers (k, 1). 

Each spinor index takes two values, and there are therefore k + 1 essentially 
different sets of numbers a, a2,..., a, in (17.10) (containing 0, 1, 2,...,k ones and 
k,k-—1,...,0 twos) and 1+ 1 sets of numbers B), B2,... 8, The symmetrical spinor 
of rank (k,!) thus has a total of (k + 1)(1+ 1) independent components, and this is 
also the dimension of the corresponding irreducible representation. 


$18. The relation between spinors and 4-vectors 


The spinor ¢°°, with one dotted and undotted index, has 2x2 =4 independent 
components, the same as the number of a 4-vector. It is therefore clear that both 
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are realizations of the same irreducible representation of the proper Lorentz group, 
and that there must consequently be a certain relation between their components. 
In order to ascertain this relation, let us first consider the corresponding relation 
in the three-dimensional case, using the fact that 3-spinors and 4-spinors must 
behave in the same manner with respect to purely spatial rotations. 
For the three-dimensional spinor w°’, the correspondence formulae are as 
shown in QM, §57; they will here be written as 


a, = (? — p") =p? + wh), 
ay = —21(W? +b") =3i(H'2— W)), 
a, =p"? +p") = x — W), 


where a,, a, a; are the components of a three-dimensional vector a. For the 
four-dimensional case, the components w%, must be replaced by (°°, and a,, ay, a, 
must be taken to be the contravariant components a', a’, a’ of a 4-vector. The 
form of the expression for the fourth component a’ is evident from the fact, noted 
in §17, that the quantity (17.6) must transform as a°. Hence a°~ ¢''+¢”, the 
coefficient of proportionality being determined so that the scalar £,3¢°° is the same 
as the scalar 2a,a" = 2a’. 
Thus we obtain the correspondence formulae 


a =4C2 40"), a? = HCE ay ‘ig 
Sa ea a (Sa Sa 
The inverse formulae are 
"= 6;=a +a°, C7 = 6, = a°- a, 
(!=-G;=a'-ia, '=-La=a'+ ‘2 iad 
with 
C4g6% = 2a’. (18.3) 
Moreover 
Capl® = 820°, (18.4) 


as is seen from the fact that the spinor Z,,¢,°, of rank two, is antisymmetric in the 
indices a, y, and is therefore proportional to the metric spinor. 

The correspondence between the spinor °° and the 4-vector is a particular case 
of a general rule: any symmetrical spinor of rank (k,k) is equivalent to a sym- 
metrical 4-tensor of rank k which is irreducible (i.e. which gives zero on contrac- 
tion with respect to any pair of indices). 

The relation between the spinor and the 4-vector may be written in a compact 
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form by means of the two-rowed Pauli matricest 


01 (0 ~i “fl 0 
a. =(j oe. B= a a.=() _4): (18.5) 


If the matrix of the quantities ¢ 8 (with the indices raised and the first undotted) is 
symbolized by ¢, then formulae (18.2) become 


C=a:ata’, (18.6) 


the second term denoting of course the product of a° and a unit matrix. The inverse 
formulae are 


a=3tr(lo), a° =strZ. (18.7) 


Using formulae (18.6), (18.7), we can determine the relation between the laws of 
transformation of the 4-vector and the spinor, and thus express the law of 
transformation of the spinor in terms of the parameters of rotations of the 
4-coordinates. 

We write the transformation of the spinor é* in the form 


e= (Bey, B=(° ), (18.8) 


where B is a two-rowed matrix formed from the coefficients of the binary 
transformation. Then the transformation of the dotted spinor is 


1?! = (B*n)? = (mB")?, (18.9) 


and the transformation of the spinor ha a Een? of rank two, may be symbolized 
ast ¢'= BCB’. For the infinitesimal transformation B = 1+ A, where A is a small 
matrix, we have as far as first-order quantities 


C= f+ (AC + Cd"). (18.10) 


Let us first consider the Lorentz transformation to a frame of reference moving 
with an infinitesimal velocity 5V (without change in direction of the space coor- 
dinate axes). Then the 4-vector a“ =(a°,a) is transformed as follows: 


a’=a-—a°SV, a” = a°—a-8V. (18.11) 


+t To simplify the notation, matrix operators acting on spin variables are written without circumflexes. 
+ For the covariant components we have 


€,=(B'é)a = (EB ')a, 
ns = (nB*')a, (18.8a) 


so that the product & =° of two spinors remains invariant. 
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We now make use of formulae (18.7). The transformation of a° may be represen- 
ted, firstly, as 


a” = a°-a-5V=a°—itr(loa- 5V); 
secondly, as 
a” =4trf'=a°+}tr (AC + OA") 
=a°+strC(A +A’). 
These two expressions must be identically equal (i.e. equal for all values of £). 


Hence 


A+A*= —-o° OV. 
Treating the transformation of a in the same way, we find 
ovi+)dA*o= — BV. 
These equations, as equations for A, have the solution 
A=A*= -30 -8V. 
Thus an infinitesimal Lorentz transformation of the spinor €* has the matrix 
B=1-30 -ndV, (18.12) 


where n is a unit vector in the direction of the velocity 5V. From this we 
can easily find the transformation for a finite velocity V. To do so, we recall 
that a Lorentz transformation signifies (geometrically) a rotation of the 4-coor- 
dinates in the plane of t and n through an angle ¢ which is related to the velocity V 
by? tanh @ = V. An angle 5¢ = 6V corresponds to an infinitesimal transformation, 
and a rotation through a finite angle ¢@ is carried out by a ¢/5¢-fold repetition of a 
rotation through 5¢. Raising the operator (18.12) to the power @/5¢ and taking the 
limit 5¢ > 0, we obtain 


1 

B=e 2", (18.13) 
The mathematical significance of this operator is seen by noticing that, from the 
properties of the Pauli matrices, all even powers of n- o are equal to 1, and all odd 


powers are equal to n- a. Since the expansions of the hyperbolic sine and cosine 
contain respectively odd and even powers of the argument, we have finally 


B =cosh}¢ —n-a sinh}, 


(18.14) 
tanh @ = V. 


+t The metric is pseudo-Euclidean in planes containing the time axis. 
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The matrices B of the Lorentz transformations are Hermitian: B = B* 
Let us now consider an infinitesimal rotation of the space coordinates. The 
three-dimensional vector a is transformed as follows: 


a’ =a-—60Xa, (18.15) 


where 5@ is the vector of the infinitesimal angle of rotation. The corresponding 
transformation of a spinor may be found similarly. There is no need to do so, 
however, since the behaviour of 4-spinors under spatial rotations is the same as 
that of 3-spinors, and the transformation of the latter is known from the: general 
relationship between the spin operator and the operator of an infinitesimal rotation: 


B=1+}io- 50. (18.16) 


The change to a rotation through a finite angle 6 is made in the same way as that 
from (18.12) to (18.14): 


B = exp (jin: o) =cos30+in:o sin 36, (18.17) 


where n is a unit vector along the axis of rotation. This matrix is unitary (B* = B™'), 
as it should be for a spatial rotation. 


§ 19. Inversion of spinors 


The discussion (in QM) of the three-dimensional theory of spinors did not 
consider their behaviour under the operation of spatial inversion, since in the non- 
relativistic theory this would not have led to any new physical results. Here we 
shall examine the point, however, in order to make clearer the subsequent analysis 
of the inversion properties of 4-spinors. 

The operation of inversion does not alter the sign of the spin vector, or of any 
axial vector, and the spin component s, is therefore also unchanged in value. 
Hence it follows that inversion can change each component of the spinor W* only 
into a multiple of itself: 


p> Pw’, (19.1) 


where P is a constant factor. On repeating the inversion, we return to the original 
coordinates. For a spinor, however, a return to the original position can be 
regarded in two different ways, as a rotation through 0° or 360°. These two 
definitions are not equivalent with respect to spinors, since w* changes sign on 
rotation through 360°. Thus two alternative views of inversion are possible: one 
where 


P*=1, P=+1, (19.2) 
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and one where 
P’?= -1, P= 1, (19.3) 


Here it is important to note that the concept of inversion must be defined in the 
same way for all spinors. It is not permissible for different spinors to behave 
differently under inversion (i.e. in accordance with both (19.2) and (19.3)), since in 
that case it would not be possible to construct a scalar (or a pseudoscalar) from 
every pair of spinors: if the spinor ¥* were transformed according to (19.2), and o* 
according to (19.3), then the quantity w°%d, would be multiplied by +i under | 
inversion, instead of remaining constant (or simply changing sign). 

It should be emphasized that (whatever the definition of inversion) the assign- 
ment of a particular parity P to a spinor has no absolute significance, since spinors 
change sign on rotation through 27, and this can always be carried out 
simultaneously with inversion. The “relative parity’ of two spinors, defined as the 
parity of the scalar #°d, formed from them, has absolute significance, however; on 
rotation through 277, both spinors change sign, and the indeterminacy therefore 
does not influence the parity of this scalar. 

Let us now go on to discuss four-dimensional spinors, first noting that inversion 
changes the sign of only three coordinates x, y, z out of four x, y, z, t; it 
therefore commutes with spatial rotations but not with transformations which 
rotate the t-axis. If L is the Lorentz transformation to a frame of reference moving 
with velocity V, then PL = L'P, where L’ is the transformation to a frame moving 
with velocity —V. 

Hence it follows that the components of the 4-spinor €* cannot be transformed 
into multiples of themselves under inversion. If the inversion of the spinor €* were 
given by the transformation (19.1) as before (i.e. if it were represented by a matrix 
proportional to the unit matrix), it would commute with every Lorentz trans- 
formation, and this certainly cannot be true, since the operations L and L’ are not 
the same when applied to &°. 

Thus inversion must transform the components of the spinor &* into expres- 
sions involving other quantities. The latter can only be the components of some 
other spinor y* whose transformation properties are not the same as those of &°. 
Since inversion does not affect the z-component of the spin (as mentioned above), 
the components €' and €’ can only become nj and 7; on inversion, these cor- 
responding to the same values s, =3 and s, = —}. If inversion is taken to be an 
operation which gives identity when carried out twice, its effect may be expressed 
by the formulae 


Ee" > Na, Na > E*. (19.4) 


For the covariant components é, and contravariant components 7°, these trans- 
formations change sign: 


E> =H; nt =tbas (19.4a) 


since the lowering and raising of the same index lead to opposite signs (cf. (17.5) 
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and (17.9)).+ If, however, inversion is taken in the sense such that P?= —1, its 
effect is given by 
ES ina, = Na > 1E" (19.5) 
or, equivalently, 
E.>—in*®, n° —i€.. (19.5a) 


There is a certain difference between the two definitions of inversion in that 
with the second definition complex-conjugate spinors are transformed in the same 
manner: if =, = n*, H* = €**, then by (19.5) 5, ~ -—iH*’, H* > —i2,, i.e. the rule is the 
same as for &,, n*. According to the definition (19.4), however, we should obtain 
=.-H*, H*->,, which is opposite in sign to the transformation of the spinors é,, 
n°. We shall return in §27 to some possible physical consequences of this 
difference. 

In the following, the definition (19.5) will be used. 

The spinors é* and »,; are, as we know, transformed in the same way by the 
rotation subgroup. On taking the combinations 


aioe | (19.6) 


we obtain quantities which are transformed under inversion according to (19.1) 
with P = +i. These combinations, however, do not behave as spinors under all the 
transformations of the Lorentz group. 

Thus the inclusion of inversion in the symmetry group makes necessary the 
simultaneous treatment of a pair of spinors (&°, n,;); this is called a bispinor (of 
rank one). The four components of a bispinor form a realization of one of the 
irreducible representations of the extended Lorentz group. 

The scalar product of two bispinors (€°, n;) and (2°, H,) can be formed in two 
ways. The quantity 


c=, + nH" (19.7) 
is unchanged by inversion, i.e. it is a true scalar. The quantity 
Ba —- 1H" (19.8) 


is also invariant under rotations of the 4-coordinates, but changes sign under 
inversion, i.e. it is a pseudoscalar. = 

A spinor of rank two, °°, may also be defined in two ways. If it is defined by 
the transformation rule 


cof ~ g°H + nF, (19.9) 


t The definition (19.4) is, of course, to some extent arbitrary, since the quantities €* and 7. are 


ee For instance, if na is replaced by a new spinor 4 = e' ena (19.4) is replaced by the equivalent 
efinition 


Ese * ns, nave Ee 
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we obtain quantities which are transformed under inversion as follows: 
CP > Lig. (19.10) 


The 4-vector a” to which such a spinor is equivalent is transformed, according to 
(18.1), by (a°,a)—>(a°, —a), i.e. it is a true 4-vector, and the three-dimensional 
vector a is a polar vector. | 

It is also possible, however, to define ¢°° thus: 


coe ~ Et HP — Bia (19.11) 
Then? 
cP > — Lig. (19.12) 


Such a spinor corresponds to a 4-vector such that under inversion (a’, a) (—a’°,a), 
i.e. a 4-pseudovector (the three-dimensional vector a being an axial vector). 
Symmetrical spinors of rank two, with indices of the same type, are defined by 


ER ~ ETE + EPR ong ~ naHe + neHa. (19.13) 
On inversion they are transformed into each other: 
EP > — nag. (19.14) 


The pair (€°*, nag) forms a bispinor of rank two. It has 3+3=6 independent 
components. The antisymmetric 4-tensor of rank two a”” also has this number of 
independent components. There must therefore be a certain correspondence be- 
tween the bispinor and the tensor; both are realizations of equivalent irreducible 
representations of the extended Lorentz group. 

Since the spinors °° and zg are transformed independently by the proper 
Lorentz group, we can construct from the components of the 4-tensor a“” two 
groups of quantities which are transformed only into combinations of one another 
under any rotation of the 4-coordinates. This division is achieved as follows. 

We define a three-dimensional polar vector p and a three-dimensional axial 
vector a related to the components of the 4-tensor a”” by 


O Pr Py P, 

ail es —p, OO —a, ay 
—Py Qa, 0 — a, 

—Pp, —ay a, 0 


= (p, a), (19.15) 


where (p,a) is a concise notation which we shall use in order to specify the 


+ It must be emphasized that the transformation rules (19.10) and (19.12), which differ in the sign on 


the right, are not equivalent, since components of the same spinor appear on both sides (cf. the last 
footnote). 
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components of such a tensor. Then a,, = (—p, a), and, of the two quantities 
a—p'=ja,,a"", a p= Rey poa”'a”™, 


the first is a scalar and the second a pseudoscalar; both are invariant under the 
proper Lorentz group.- The squares of the three-dimensional vectors f* = p+ ia are 
therefore also invariant. Thus any rotation in 4-space is equivalent, as regards the 
vectors f°, to a “rotation” in 3-space, through angles which are in general complex; 
the six angles of rotation in 4-space correspond to three complex “angles of 
rotation” of the three-dimensional coordinates. The operation of spatial inversion 
changes the sign of p but not that of a, and converts the vectors f° and —f into 
each other. The components of these vectors are the required two groups of 
quantities formed from the components of the tensor a””. 

This also makes evident the correspondence between the components of the 
4-tensor a“” and the spinors &°°, nag. Since the Lorentz group contains as a 
subgroup the spatial rotations, the relations between the components of the spinor 
and those of the three-dimensional vector must be the same as for three-dimensional 
spinors: 


fr=Her— 2", fy =P + EN, fe" 
f (19.16) 


y= Ane - mM, fy =2i(met mid,  f2 = ni. 


PROBLEM 


Derive the general correspondence between spinors of even rank and 4-tensors. 


SOLUTION. All spinors for which k+I is even are realizations of single-valued irreducible 
representations of the extended Lorentz group, and are therefore equivalent to the 4-tensors which are 
realizations of similar representations.t 

A spinor of rank (k, k) can be defined so that it is transformed under inversion by 


Sau ey aa ee (1) 


Such a spinor is equivalent to a symmetrical irreducible 4-tensor of rank k, which is a true tensor or a 
pseudotensor according to the sign in (1). 
Spinors of ranks (k, !) and (I, k), forming a bispinor, are transformed under inversion by 


k ! 


poe, parma | 


aad ote cee (2) 
k I 


When | = k + 2, the bispinor is equivalent to an irreducible 4-tensor dju.j\o0... of rank k + 2, antisymmetric 
in the indices [zv] and symmetric in all the other indices. The irreducibility of this tensor signifies that it 
gives zero on contraction with respect to any pair of indices and on dualization with respect to any 
three indices (i.e. e**” djyvipe... = 0); the latter condition implies that the result is zero on taking the cyclic 
sum over three indices, wv and any one other. 

When | = k + 4, the bispinor is equivalent to an irreducible 4-tensor a@ayjipior... of rank k + 4, having the 
following properties: it is antisymmetric in the pairs of indices [Ay] and [vp], symmetric in all others, 
symmetric for interchange of [Az] with [vp], and gives zero on contraction with respect to any pair of 
indices and on dualization with respect to any three indices. 

Generally, when |=k+2n, the bispinor is equivalent to an irreducible 4-tensor of rank k + 2n, 
antisymmetric in n pairs of indices and symmetric in the other k indices. 4-tensors antisymmetric in 


+ Spinors of odd rank are realizations of two-valued representations of the group: a spatial rotation 
through 360° changes the sign of spinors, so that two matrices of opposite sign correspond to each 
element of the group. 
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larger numbers (threes, fours, etc.) of indices do not appear in this classification, for the obvious reason 
that an antisymmetric tensor of rank 3 is equivalent (dual) to a pseudovector, and an antisymmetric 
tensor of rank 4 reduces to a scalar (is proportional to the unit pseudotensor e*“”’); antisymmetry in a 
still greater number of indices is not possible in 4-space. 


§20. Dirac’s equation in the spinor representation 


A particle with spin 3 is described, in its rest frame, by a two-component wave 
function, i.e. a three-dimensional spinor. The ‘“‘four-dimensional origin” of this may 
be either an undotted or a dotted 4-spinor. Both these 4-spinors appear in the 
description of the particle in an arbitrary frame of reference; we shall denote them 
by &* and 7,.T 

For a free particle, the only operator which can appear in the wave equation ts 
(as shown in §10) the 4-momentum operator p, = id,. In the spinor notation, this 
4-vector corresponds to the operator spinor pg, with 


DP = px = Pp. + Do, p” = pii = po— Ba 
per x 4 ‘ nj P 20.1 
p'* = — poi = px — ipy, = — 615 = p, + ip, a 


The wave equation is a linear differential relation between the components of 
spinors, expressed by the operator p.g. The requirement of relativistic invariance 
leads to the equations 


png = me, | 
(20.2) 


Ppa" = Mg, 


where m is a dimensional constant. There would be no meaning in using different 
constants m, and m; here, or in changing the sign of m, since the equations could 
still be reduced to the above form by an appropriate transformation of &* or 7,. 

By substituting ng from the second equation (20.2) in the first, we can eliminate 
one of the two spinors: 


From (18.4), p* pj = p’8%, and thus we obtain 
(p* — m*)& = 0, (20.3) 


whence it ts evident that m is the mass of the particle. 

It should be noticed that the need to use the mass in the wave equation implies 
the simultaneous consideration of two spinors (€* and 7,): with only one of these, 
it would not be possible to construct a relativistically invariant equation containing 


a A three-dimensional spinor of rank one may also “originate” from 4-spinors of higher odd rank 
which, in the rest frame, become antisymmetric in one or more pairs of indices. These would, however, 
lead to higher-order equations (cf. the third footnote to §10). 
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a dimensional parameter. The wave equation is necessarily invariant under spatial 
inversion if the transformation of the wave function is defined by 


| cage &° > iNa, Na i€*. (20.4) 


It is easily seen that the two equations (20.2) are interchanged by this substitution 
(together with p°°-> 5.3, which is evident from (20.1)). Two spinors which are 
interchanged by inversion form a four-component quantity, a bispinor. 

The relativistic wave equation given by (20.2) is called Dirac’s equation, having 
been first derived by Dirac in 1928. In order to analyse und apply this equation 
further, let us consider various ways in which it may be written. 

Using (18.6), we can rewrite equations (20.2) as 


(20.5) 


Here the symbols & and 7 denote two-component quantities, the spinors 


(0. 2) as 


(the first with upper and the second with lower indices). Here and below, 
multiplication of the matrices o by any two-component quantity f means multi- 
plication by the usual matrix rule: 


(of x = Oaphs. (20.7) 


The vertical column notation for f is in accordance with the multiplication of each 
row of a by the column f. 
For subsequent reference, the Pauli matrices may be written once more; 


(0 1 (0 -i 7 0 
o.=(j 4) a, = (; i) a= (4 a) me) 


Their fundamental properties are 


(20.9) 


Ci0~7, + 0.0; = 2 Oiks 
O;0% = leno, + Six 3 


see QM, §55. 
We shall also give the wave equation satisfied by the complex-conjugate wave 
function formed from the spinors 


€*=(E'*, 2"), n* =(n¥, nf). (20.10) 


Since all the operators 6, contain the factor i, 6)* = — p,. In taking the complex 
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conjugate of both sides of equation (20.5), we must also use the fact that, since the 
matrices o are Hermitian (o* = ¢), 


(of i = oral B= fhope = (f*o)a; 


the resulting equations are 


a1 5 +H. ae me 
n*(po+ p> o) = —mé Spi 


E*(po— po) = —mn*. 


Here it is conventionally implied that the operators p* act on the function to the 
left of them. The writing of €* and »* as horizontal rows is in accordance with the 
matrix multiplication in these equations: the row f is multiplied by the columns of 
the matrix oa, 


(f*o)a = fh Opa. (20.12) 


The inversion transformation for &*, n* is defined as the complex conjugate of 
the transformation (20.4): 


P: &%*>-in;, a7 -ié**. (20.13) 


§21. The symmetrical form of Dirac’s equation 


The spinor form of Dirac’s equation is the most natural one, in the sense that its 
relativistic invariance is immediately apparent. In applications of the equation, 
however, other forms of the wave equation may be more convenient, which are 
obtained by a different choice of the four independent components of the wave 
function. 

We shall denote the four-component wave function by the symbol yw, with 
components y; (i = 1, 2, 3, 4). In the spinor representation, it is a bispinor: 


y = (*). (21.1) 


But the independent components of yw can equally well be taken as any linearly 
independent combinations of components of the spinors & and 7.t We shall 
arbitrarily limit the acceptable linear transformations by the one condition of 
unitarity; such transformations leave unchanged the bilinear forms constructed 
from w and * (§28). 

In the general case of an arbitrary choice of the components of #, Dirac’s 
equation can be put in the form | 


Pu tk Wr = my, 


t For brevity, the four-component quantity » will be referred to as a bispinor even in non-spinor 
representations. 
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where y” (yu =0, 1, 2, 3) are certain four-rowed matrices (Dirac matrices). We shall 
usually write this equation in a symbolic form, omitting the matrix indices: 


(yp —m)p = 0, (21.2) 
where 


yp = y"p, = Boy’ - By 


iy + iy, 


(y',y’, y’). 


2 
II 


For example, the spinor form of the equation with the components of w as in 
(21.1) corresponds to the matricesT 


*- 0). 0%) ais 


as is easily seen by writing the equations (20.5) as 


peo 0 Malm () 


and comparing with (21.2). 
In the general case, the matrices y need satisfy only conditions ensuring that 
p’ =m’. To find these conditions, we multiply equation (21.2) on the left by yp: 


(yD y’B.) yb = m(pyy" wb = m*p. 


Since p,p, is a symmetrical tensor (all the operators p, commute), this equation 
may be rewritten 


2BBCy*y” + y"y")y = my, 
and we must therefore have 
VY yy a 28" (21.4) 
Thus all the pairs of different matrices y* anticommute, and their squares are 
WV HQVVH-1, (YY =L. (21.5) 
Under an arbitrary unitary transformation of the components w: w’ = Uw, where 


+t Here and below, we use a compact two-rowed notation for four-rowed matrices. Each symbol in 
(21.3) represents a two-rowed matrix. 
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U is a unitary four-rowed matrix, the matrices y are transformed as follows: | 
y' = UyU'= UyU"*, (21.6) 


so that the equation (yp —m)w=0 becomes (y'p —m)p’=0. The commutation 
relations (21.4) remain unchanged, of course. 


The matrix y° (21.3) is Hermitian, and the matrices y are anti-Hermitian. These 


properties are preserved under any unitary transformation (21.6), and we therefore 
always havet | 


y=-Y7, yt = ¥°. (21.7) 


The equation for the complex-conjugate function w* may also be given. Taking 
the complex conjugate of equation (21.2) and using the properties (21.7), we obtain 


aA ~ 


(—BoYo— DP» ¥— m)p* = 0. 


We commute w&* by y"* = w*y" and then multiply the whole equation on the right 


by y°; since yy’ = — y°y, we have in terms of a new bispinor 
w= pry, wt = py" (21.8) 
the result 
(yp + m) =0. (21.9) 


As in (20.11), the operator p is here taken to act on the function to its left. The 
function w& is called the Dirac conjugate (or relativistically conjugate) function to w. 
The factor y° in its definition signifies that (in the spinor representation) it 
interchanges the spinors é* and 7*; thus, in w = (n*, é*) the first spinor is undotted 
(as in w) and the second is dotted. For this reason J is a more natural “partner” of 
yw than w* is; they appear together, for instance, in various bilinear combinations 
(see §28). 
The inversion transformation for the wave function may be written as 


P: wiyy, w= —iy®. (21.10) 


In the spinor representation of y, the matrix y° interchanges the components é and 
yn, aS should happen on inversion. The invariance of Dirac’s equation under the 
transformation (21.10) in the general case is immediately obvious: changing p into 
—p and yw into iy’ in equation (21.2), we have 


(poy’ + p> y—m)yb = 0. 
Multiplying this equation on the left by y° and taking into account the fact that y° and y 


anticommute, we return to the original equation. 


+t These equations may be written jointly in the form 


a 


y oo yyy’. 
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_ Multiplying the equation (yp —m)p=0 on the left by w, and the equation 
w(yp + m)=0 on the right by w, and adding, we obtain 


wy" (bub) + (pub)y"b = (puby"w).= 0, 


where the parentheses indicate the function on which the operator p acts. This 
equation is in the form of an equation of continuity, 0,j* = 0, so that 


j* = by" 
= (Wry, pF yy) (21.11) 


is the particle current density 4-vector. Its time component j° = w*w is positive- 
definite. 

Dirac’s equation may be put in the form of an expression for the time 
derivative: 


i aw/at = Hy, (21.12) 
where H is the Hamiltonian of the particle.t To obtain this form, we need only 


multiply equation (21.2) on the left by y°. The resulting expression for the 
Hamiltonian its 


H =a-p+ Bm, (21.13) 
where 
a=y"y, B=y¥° (21.14) 


is the customary notation for the matrices concerned. 
It may be noted that 


aja, + apa; = 25ix, Bat+ap =0, Bp’ = 1, (21.15) 


i.e. all the matrices a, B anticommute and their squares are unity; they are all 
Hermitian. In the spinor representation, 


(6 2. 2-02) aus 


In the limit of small velocities the particle must be described, as in the 
non-relativistic theory, by a single two-component spinor: on taking the limit p—0, 
€ —>m in equations (20.5), we find € = n, so that the two spinors which form the 
bispinor are equal. This, however, reveals a defect of the spinor form of Dirac’s 


+ For a particle with spin zero, the wave equation was not capable of being written in this form: the 
equation (10.5) for the scalar w is of the second order in the time, while the first-order equations (10.4) 
for the five-component quantity (W, w,) contain the time derivatives of only some of the components. 


§21 The Symmetrical Form of Dirac’s Equation 79 


equation: in the limit, all four components of w& are non-zero, although only two of 

them are really independent. A more convenient representation of the wave 

function Ww would be one in which two of its components were zero in the limit. 
Accordingly, we replace € and vy by linear combinations @ and x: 


(21.17) 
p= Vag +7), x = 7x6 — 7). 


Then y = 0 for a particle at rest. This will be called the standard representation of 
yw. On inversion, ¢@ and x are transformed as follows: 


P: o- id, x> — iy. (21.18) 
The equations for ¢@ and y are obtained by adding and subtracting equations 


(20.5): 


Sacpeana | (21.19) 


— pox + p+ ad = my. 


Hence we see that the standard representation corresponds to the matrices 


weo=G 9 (29) C9 am 


Since the first and second components of € and ny are added separately in 
(21.17), the components w, and W3 correspond to the spin component eigenvalue +4 
in both the standard and the spinor representation, and and yy, to —}. In both 
representations, therefore, the matrix 45, where 


y= ic } (21.21) 


in a three-dimensional spin operator: when 42, acts on a bispinor containing only 
the components Wj, Ws, or W2, 4, this bispinor is multiplied by +4 or —}. In an 
arbitrary representation, (21.21) may be written in the form 


Seay Slate (21.22) 


the definition of y° is given in (22.14) below. 


PROBLEMS 


PROBLEM 1. Find the formulae giving the transformations of the wave function under an infinitesi- 
mal Lorentz transformation and an infinitesimal three-dimensional rotation. 
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SOLUTION. In the spinor representation of w, an infinitesimal Lorentz transformation gives 
é'=(1-i0-5V)E, = (1 +20 5 V) 9; 

see (18.8), (18.8a);, (18.10). These formulae may be combined as 

wy = (1 — 200 BV). (1) 
Similarly, the transformation under an infinitesimal rotation is 

wy’ = (14 25% - S0)y. (2) 
In this form the results are valid for any representation of wy if a and % are matrices in that 
representation. 


It is easily verified that the matrices a and & are the components of an antisymmetric “matrix 
4-tensor”’, 


oa” = y"y" — y"y") = (a, id); 


the components are arranged as shown in (19.15). Using also the infinitesimal antisymmetric tensor 
5e°” = (5V, 58), we have 


o”"d5e,, = 212 - 80-2a- dV, 
and formulae (1) and (2) above may be combined as 
ib’ = (1+40""5e,.)W. (3) 


PROBLEM 2. Write Dirac’s equation in a representation such that it contains no imaginary 
coefficients (E. Majorana, 1937). 


SOLUTION. In the standard representation, the only imaginary quantities in the equation 


a. a 3 a. 
te teeta 4 = 
(+, Oa ay “az imp) 


are the matrices ay and if. These may be eliminated by a transformation wp’ = Uw such that the 
imaginary matrix a, and the real matrix B are interchanged. This is achieved by putting 


__! =o 
U =a lay+By=U ; 
then a; = Ua,U = - a,, ay = B, a= — a, B’ = ay, and Dirac’s equation becomes 
0 C 0 Qo. 
+ ~ a, — + B— — a:—+ '=0, 
(5, 9x Bay O97 ima, Jw : 


in which all the coefficients are real. 


§22. Algebra of Dirac matrices 

In calculations using Dirac’s equation, the matrices y occur repeatedly without 
reference to their specific form in any particular representation. The rules of operation 
with these matrices are entirely given by the commutation relations 


yy” + y"y" = 22°” (yu, p= 0, l, 2. 3), (22.1) 


which determine all their general properties. 
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In this section we shall give various formulae and rules of the algebra of these 
matrices which are useful in such calculations. 

The ‘‘scalar product” of the matrices y with themselves is g,,y’y" =4. For 
brevity we use the notation y, = g,,y” by analogy with the covariant components 
of 4-vectors. Then 


yay” =4. (22.2) 
If the matrices y, and y” are separated by one or more factors y, then they can be 


brought to adjoining positions by one or more interchanges using the rule (22.1), and — 
the summation over yp is then carried out by means of (22.2). This yields the formulae 


yy ¥° S=2y 5 
Wy yy" = 48", 
Wy yy yeyt =-2y’y"y', 


oO. AL yv 


Wy yyy = WUy7y yy? + y’y’y*y’). 


(22.3) 


The factors yy", etc., usually appear in combination with various 4-vectors as 
“scalar products”’ with the latter,f 


ya = y“a,. (22.4) 
For such products, formulae (22.1) become 


(ay)(by) + (by)(ay) = (ab), | 


(ay)(ay) = a’, am 
and formulae (22.3) become 
Yu(ay)y" = —2(ay), | 
y(ay)(by)y" = 4(ab), 022.6) 


ylay)(by)(cy)y* = —2(cy)(by)(ay), 
y.(ay)(bycy)(dy)y" = 2[(dy)(ay)(by)(cy) + (cy)(by)(ay)(dy)]. 


A frequent operation is taking the trace of the product of a number of 
matrices y. Let us consider the quantities 


T Hitz: Hn = 1 tr(y"ty... y*). (22.7) 


On account of a familiar property of the trace of a product of matrices, this tensor 
is symmetrical with respect to cyclic permutations of the indices p14, f2,..., bn 


t In this edition, no special notation is used for such products. Letters with circumflexes or with strokes 
through them are often found with this meaning in the literature. 
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Since the matrices y have the same form in any frame of reference, the 
quantities T are also independent of this frame, and they therefore form a tensor 
which can be expressed entirely in terms of the metric tensor g,,, which has this 
property. 

From the tensor g,, of rank two, however, only tensors of even rank can be 
constructed. Hence it follows immediately that the trace of the product of any odd 
number of factors y is zero. In particular, the trace of each y is zero:t 


try" =0. | (22.8) 


The trace of a unit four-rowed matrix (which is implied on the right-hand side of 
the commutation rule (22.1)) is 4. Thus, if we take the trace of both sides of (22.1), 
we find 


Lo =o, (22.9) 
The trace of the four-matrix product is 
ay Ges ia a Sas Lae (22.10) 


This formula may be derived, for instance, by “pulling” the factor y* in tr y*y"y’y° 
to the right by means of the relation (22.1); after each interchange one of the terms 
in (22.10) appears: 


Tw = 2g**T = The 
a 22g"? _ 7 ee 
and so on. After all the interchanges there remains on the right —T“’ = —T**”, 


which we take to the left-hand side. The trace of a product of six y can similarly be 
reduced to the traces of four-factor products, and so on. For instance, 


TMT = gM Tver gh Tuer 4 piepurer — pop urs gr puc = (22.11) 


All the traces T*“’ are real, and they are non-zero only if each of the matrices 
y°, y',... appears in the product an even number of times; both these results are 
obvious from the above formulae. Hence we easily find that the trace is unchanged 
when the order of the factors is reversed: 


TM er = T oeicee. (22.12) 


As already mentioned, the factors y usually appear as “scalar” products with > 
various 4-vectors. In such cases, formulae (22.9) and (22.10), for example, become 
i tr(ay)(by) = ab, 


(22.13) 
i tr(ay)(by)(cy)(dy) = (ab)(cd) — (ac)(bd) + (ad)(bc). 


+ The trace of a matrix is invariant under the transformations y = UyU~'. Thus the result (22.8) is 
also evident from the expressions (21.3) for the matrices. 


§22 Algebra of Dirac Matrices 83 


The product y°y'y’y’ is of particular importance. There is a special notation for 


it which is customarily used: 
y=u-iyyyy. (22.14) 
It is easily seen that 

yyttyty=0, (yy=t, (22.15) 


i.e. the matrix y° anticommutes with all the y“. For the matrices a and 8, the rules 
are 


ay-ya=0, By + y°B =0; (22.16) 


the commutability with a follows because a = y°y is a product of two matrices y". 
The matrix y° is Hermitian, since 


3+. 2+ 14+. 0+ _. 3.2.1.0 


eye yy ye Sayer ys 


and hence 
y=, (22.17) 


because the sequence 3210 is changed to 0123 by an even number of transpositions. 
The form of this matrix in two particular representations is: 


spinor ¥=(q > 
0 1/’ 


(22.18) 
0 -1 
1 o) 


standard y°= ( 


The trace of the matrix y° is zero: 
tr y°=0, (22.19) 


as can be seen directly from (22.18). The traces of the products y°y“y” are also 
zero. For the products of y° with four factors y" we have 


bir yy y"y’y? = ie” (22.20) 

Another formula ts 
YN = iy*(ya)(yb)(yc), N* =e”? a.b,c,, (22.21) 
which is valid for mutually normal 4-vectors a, b, c: | 


ab = ac = bc = 0. 
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In some cases (for problems involving non-relativistic particles), it may be 
necessary to calculate the traces of products which involve y° and the three- 
dimensional “‘vector”’ y separately. The only non-zero traces are those of products 
containing even numbers of factors y° and y. All the factors y° become unity, and 
the traces of products with two and four factors y are respectively 


atr(a-y)(b: y) = —a-b, 


4tr(as y)(b- y)(c- y)(d + y) = (a+ b)(c- d) — (a+ c)(b- d)+(a-d)(b- an 
(22.22) 


§23. Plane waves 


The state of a free particle having definite values of the momentum and energy 
is described by a plane wave which may be written in the form 


_ l + — ipx 
Wp = V(2e) Uupi **. (23.1) 


The suffix p indicates the value of the 4-momentum; the wave amplitude u, is a 
suitably normalized bispinor. In proceeding with second quantization we need 
not only the wave functions (23.1) but also functions with a “‘negative frequency”’, 
which arise in the relativistic theory because of the two-valuedness of the square 
root +V(p’+ m?’), as shown in §11. As in §11, we shall always take e to be the 
positive quantity « =+V(p’+ m7’), so that the “negative frequency” is —e; on 
changing also the sign of p, we obtain a function which may naturally be called w#_,: 


1 ” 
U-» = Tag) tre (23.2) 


The significance of these functions will be explained in §26; here we shall write 
parallel formulae for w, and wW_,. | 

The components of the bispinor amplitudes u, and u_, satisfy the algebraic 
equations 


ey — 0, 
(yp — m)u, (23.3) 


(yp + m)u_, = 90,. 
which are obtained by substituting (23.1), (23.2) in Dirac’s equation (this is 


equivalent to replacing the operator p in that equation by +p).f The relation 
p’? = m’ is then the condition for each such pair of equations to be compatible. We 


t There are also similar equations obtained from Dirac’s equation (21.9) for the complex-conjugate 
function: 


up(yp-m)=0, a-p(yp +m) =0. (23.3a) 
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shall always normalize the bispinor amplitudes by the invariant conditions 


u,u, = 2m, 
es (23.4) 


Uu_pu_p = —2m, 


where the bar over a letter denotes, as usual, Dirac conjugation: & = u*y°. Multiplying 
equations (23.3) on the left by a.,, we obtain (a.,yu.,)p = 2m’ = 2p’, whence 


Upyu, = U_pyu_, = 2p. (23.5) 


It may be noted that the change from the formulae for u, to those for u_, is made 
by changing the sign of m. 
The current density 4-vector 1s 


1 _ 
] = WepyWep = oe U+p_pYuUsy = ple, (23.6) 


i.e. j* =(1,v), where v=p/e is the velocity of the particle. Hence we see that the 
functions yw, are ‘‘normalized to one particle in the volume V = 1”. 

Equations (23.3) show that the components of the wave amplitude are related, 
but the actual form of the relations depends, of course, on the specific represen- 
tation of w. For the standard representation they are found as follows. 

From equations (21.19) we have, for a plane wave, 


(e-—m)d—-p-ay =0, 
eis (23.7) 
(e+m)y —p- oad =0. 
From these we find the relation between @ and yx in two equivalent forms:' 
ep o. BA ‘Join a ae 
Peak Xa ae: (23.8) 


their equivalence is evident on multiplying the first form on the left by p- o/(e + m) 
and using the results (p- o)’= p’ and e*— m’ =p’, which gives the second form. 
The common factor in ¢ and y is chosen to satisfy the normalization condition 
(23.4). Thus we obtain for u,, and correspondingly for u_,, the expressions 


_ (V(et+m)w _ (V(e-—m)\n-o)w’\. 
Me ive —m)(n- saw) ae al We +m)w’ ) ee 
the second formula is obtained from the first by changing the sign of m and 
replacing w by (n- o@)w’. Here n is a unit vector in the direction of p, and w is an 
arbitrary two-component quantity subject only to the normalization condition 


w*w =. (23.10) 
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For &@ = u*y° (with y° from (21.20)) we have 


i, = (V(e + m)w*,-V(e —m)w*(n- o)), | 


u_,p = (V(e—m)w'*(n- ot), —- V(e + m)w’*), (23.11) 
and multiplication shows that in fact &.,u.) = +2m. 
In the rest frame (ec = m), we have 
ine Veam)(5), —_— Veam)(?,), (23.12) 


i.e. w is the three-dimensional spinor to which the amplitude of each’ wave reduces 
in the non-relativistic limit. In the bispinor u_,, the first two components, not the 
second two, vanish in the rest frame. This property of solutions of Dirac’s equation 
having ‘“‘negative frequencies” is evident, since by putting p = 0 and replacing e by 
—m in (23.7), we find @ = 0.7 

The amplitude of the plane wave contains one arbitrary two-component quan- 
tity. Thus, for a given momentum, there are two different independent states, 
corresponding to the two possible values of the spin component. But the spin 
component along an arbitrary z-axis cannot have a definite value. This is evident 
because the Hamiltonian of a particle with definite p (i.e. the matrix H =a: p+ 
Bm) does not commute with the matrix 2, = —ia,a,. In accordance with the general 
conclusions of §16, however, the helicity A (the component of the spin in the 
direction of p) is conserved: the Hamiltonian commutes with the matrix n- &. 

Helicity states correspond to plane waves in which the three-dimensional spinor 
w = wn) is an eigenfunction of the operator n- a: 


n+ o)w™ = Aw, (23.13) 


The explicit form of these spinors is 


nba (~Gge sine) (23.14) 


e2* cos fo /” 


where 6 and ¢ are the polar angle and the azimuth of the direction of n relative to 
fixed axes xyz.t 

Another possible choice of the two independent states of a free particle with 
given p, which is simpler but less clear, corresponds to the two values of the 
z-component of the spin in the rest frame, which we denote by o. The spinors are 


word = (6). wand = (1). (23.15) 


t In the spinor representation & = — », instead of = 7 as in the rest frame for solutions having 
“positive frequencies” 

+ The solution of equation (23.13) can be multiplied by any phase factor, because of the possibility 
of an arbitrary rotation about the direction of n. 
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As the two linearly independent solutions with ‘‘negative frequency” we take plane 
waves in which the three-dimensional spinors are 


w= — gw” = 2aiw™; (23.16) 
the significance of this choice will be shown in §26. 

We can also find a representation of a plane wave such that in any frame of 
reference (not only in the rest frame) the wave has only two components cor- | 
responding to definite values of the same physical property—the spin component in 
the rest frame (L. Foldy and S. A. Wouthuysen, 1950). 

Starting from the amplitude u, (23.9) in the standard representation, we seek a 
unitary transformation to such a representation in the form 


up=Uu,, U-=e™®, 


where W is real; since y* = —y, it follows that U* = U~'. Expanding in series and 
noting that (y -n)? = —1, we put 


U =cosW+y-nsin W; 


cf. the derivation of (18.14) from (18.13). The condition that the second pair of 
components in the transformed amplitude u, should be zero gives 


tan W = |p|/(m + «), 
so that 
U _m+er(y-n)pl 
[2e(e + m)] 
In the new representation, 


ui = V(2e)(9)- (23.17) 


The Hamiltonian of the particle in this representation is 
H'= U(a- p+ Bm)U "= Be, (23.18) 


where all the matrices B,a and y belong to the standard representation. This 
Hamiltonian commutes with the matrix 


ae _ tg °) 
x es (5 o/’ 


which is, in the new representation, the operator of a conserved quantity, the spin 
in the rest frame. 
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§ 24. Spherical waves 


The wave functions of states of a free particle (with spin 3) having definite 
values j of the angular momentum are spinor spherical waves. To determine their 
form, let us first state the corresponding formulae of the non-relativistic theory. 

The non-relativistic wave function is a three-dimensional spinor 


For a state having definite values of the energy e« (and therefore of the momentumt 
p), the orbital angular momentum |, the total angular momentum j and its com- 
ponent m, the wave function is 


W = Ro (r)Qjm (6, ). (24.1) 


The angular functions 0m are three-dimensional spinors whose components (for 
the two values j = | +} which are possible for a given 1) are 


}+m 
\! 2p Yim 


Osim = 


(24.2) 


(see QM, §106, Problem). We shall call the Qjm spherical harmonic spinors. They 
are normalized by the condition 


[ 2% Open do = 5) Su Sam’: (24.3) 


The radial. functions R,, are the common factor in the two components of the 
spinor w, and are given by 


2 
Rp = V — Ji(pr) (24.4) 
(QM, (33.10)). They are normalized by the condition 


i r?R, Rp dr = 2778(p'— p). (24.5) 
0 


+ In this section, p denotes |p]. 
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Returning now to the relativistic case, let us note first of all that separate laws 
of conservation of spin and orbital angular momentum do not exist for a moving 
particle: the operators § and 1 do not separately commute with the Hamiltonian. 
But the parity of the state is still conserved (for a free particle). The quantum 
number | therefore no longer refers to a definite value of the orbital angular 
momentum, but it defines the parity of the state (see below). 

Let us consider the required wave function (bispinor) in the standard represen- 
tation: 


Under rotations, ¢ and y behave like three-dimensional spinors. Their angular 
dependence is therefore given by the same spherical harmonic spinors Qjim. Let 
gb ~ Ojm, Where | is a certain one of the two values J +3 and j —3. Under inversion 
o(r) > id(—r) (see (21.18)), and Qjim(—n) = (—1)'Qim(n), so that 


o(r) > i(-1)'o(r). 


The components y(r), under inversion, become —iy(—r). In order that the state 
should have a definite parity (i.e. that all the components should be multiplied by 
the same factor on inversion), it is therefore necessary that the angular dependence 
in x should be given by the spherical harmonic spinor ();,, with the other of the 
two possible values of |; since these two values differ by 1, (—1)' = —(-1). 

The radial dependence of @ and y will be given by the same functions R,, and 
Rpr (with the values of | and I’ which give the order of the spherical harmonics in 
Qjm). This is clear because each component of wW satisfies the second-order 
equation (p’— m’)# = 0, which for a given value of |p| becomes 


(A+ p’)y =0, 
and this is formally identical with Schrodinger’s non-relativistic equation for a free 
particle. 
Thus 


b& = AR Qim, X = BRy Qin, (24.6) 
and it remains to determine the constant coefficients A and B. To do so, we 


consider a distant region, where the spherical wave may be regarded as a plane 
wave. According to the asymptotic formula (QM, (33.12)), 


R,i ~ = {eir-te0 = eiter-amly (24.7) 


so. that @ is the difference of two plane waves propagated in the directions 
+n (n=r/r). For each plane wave, by (23.8), 


p 
etm 


ie (+n-o)d. 
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From the previous results (formulae (24.6)) it is obvious that (n> @)Qjm = aQum, 


where a is a constant. This constant is easily found by comparing the values of the 
two sides of the equation when m = 3 and nis along the z-axis. Using (7.2a), we find 


(n+ D)Qim = i Ojem- (24.8) 


These formulae, on comparison with (24.6), show that 


Finally, the coefficient A is determined by the normalization of w. If this is 
specified by 


| WV itmbpijrm dX = 2778 ;5u'Smm'S(p — p'), (24.9) 
we have 
f=2j-L. (24.10) 


oe l ( Ve + M)Rp Qt ) 
Pim “" V(2e) \-V(e — m)RorQym !” 


Thus, for given values of j and m (and of the energy e) there exist two states 
differing in parity. The parity is uniquely defined by the number I, which takes the 
values j +3: on inversion, the bispinor (24.10) is multiplied by i(—1)'. The com- 
ponents of this bispinor, however, contain spherical harmonics of both orders | and 
l’, showing that the orbital angular momentum has no definite value. 

When r-—~, the spherical waves (24.7) may be regarded as plane waves in any 
small region of space, with momentum p = = pn. It is therefore clear that the wave 
functions in the momentum representation differ from (24.10) essentially only in 
that the radial factors are absent and n denotes the direction of the momentum. 

In order to make a direct change to the momentum representation, we must 
carry out a Fourier transformation: 


W(p’) = | w(r) eWiPr gdy. (24.11) 


The integral is calculated by means of the expansion of a plane wave in spherical 
waves: 


rE S traore(®)m) cam 


With an expansion of this kind for e~'? ' in (24.11) and using (24.5), we find that the 
Fourier components of the function 


w(r) = Rpt (1) QO jm (r/ 7) 
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are 
Wp’) = Ga) LE a ee p)i Yim ( (2) { inl; ) vi-(£) ds 


The integral is equal to the coefficient of the spherical harmonic function in the 
definition (24.2) of the spherical harmonic spinors, and together with the factor 
Yim(p'/p’) it yields the same spherical harmonic spinor, but with argument p’/p’: 


en 


u(p’) = 8(p' - p)i "Qin (2) 


Applying this result to the bispinor wave function (24.10), we obtain the 
momentum representation 


= ap’ py 2 (Vet mi! Qim(P'lP’ 
tnin(®) = 800" P)ETO55 (Vie —myi-!Qyntpip)) 413 


The states |pjlm) are the same as the states |pjm|A|) (with |A| =) discussed in 
$16: both have definite values of pjm and the parity. The spherical harmonic spinors 
Oim are therefore related in a certain way to the functions D> (both with argument 
p/p). When p 0, the wave functions (24.13) reduce to the three-dimensional spinors 
Qyim, the parity of which is P = n(—1)' (where n =i is the “internal parity” of the 
spinor). A comparison with the results of §16 gives the formula 


Quin = i! jt (wo? DO, +w2 DY) (24.14) 


where | = j +3, and the w”? are the three-dimensional spinors (23.14). 


§25. The relation between the spin and the statistics 


The second quantization of a field of particles with spin 3 (a spinor field) is 
carried out in a similar way to that of a scalar field in §11. 

Without repeating the arguments, we shall immediately write down expressions 
for the field operators, which are exactly analogous to (11.2): 


oe), 


;. l A —ipx C+ 
oo o Upo € a ao“-p,-oa 
wy > Ve) (ae p b, U_p -ol& 
: (25.1) 
b= y= >i, e* + by,i-p-.e *); 
Y > Ve | pop pa'4—p ) 
the summation is over all values of the momentum p and over o = +}, The 
antiparticle annihilation operators b,, (like the particle annihilation operators 4,,) 
appear as the coefficients of functions whose coordinate dependence (e'?’') 
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corresponds to a state having momentum p.f 

To calculate the Hamiltonian of the spinor field, it is not necessary to determine 
the energy-momentum tensor (as we did for the scalar field), since in this case 
there exists a particle Hamiltonian which can be used to derive the wave equation 
(Dirac’s equation) (21.12). The mean energy of the particle in a state with wave 
function w& is the integral 


; = ow 
[ u*Hua’s = ify = d°x 
7 | iy dx. (25.2) 


It should be noticed that the ‘‘energy density” (the integrand) is here not a 
positive—definite quantity. 

Replacing the functions ww and w in (25.2) by wW-operators, using the ortho- 
gonality of the wave functions with different p or o, and also using the relation 
lisp ¢'Y°U+p¢ = 2e for the wave amplitudes, we obtain the field Hamiltonian in the 
form 


H = €(djody, — byb 50). (25.3) 
p.o 


Hence it is seen that in this case Fermi quantization must be used: 
fdas 1; ABs Bi yeH1, (25.4) 


and all other pairs of operators 4, 4’, b, b* anticommute (see QM, §65), since then 
the Hamiltonian (25.3) may be written 
H => €(43,4,, + bib, — 1), 


Po 


and the energy eigenvalues are (with the usual omission of an infinite additive 
constant) 


E =D e(Noo + Noo); (25.5) 
p.c 


and are positive—definite, as they should be. With Bose quantization, we should 
obtain from (25.3) the eigenvalues 


> (Nps — Nope) 


which are not positive—definite and have no meaning. 


+ The two functions also correspond to the same value o of the spin component in the rest frame; 
for the functions W_»,-. this will be proved in §26 (see (26.10)). 
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An expression analogous to (25.5) is obtained for the momentum of the system, 
ic. the eigenvalues of the operator f w* pw d°x: 


P= > p(Noo + Nov). (25.6) 
p.c 


The 4-current operator is 


j* = dby*d, (25.7) 


and the ‘‘charge”’ operator of the field is found to be 
O= | dy%ba's 
= >) (Gpodpe + bpobi,) 
p.o 


=D) (Gjadps — Dpsbpo + 1); (25.8) 
p.c 


its eigenvalues are 
Q = > (Nps — Now)- (25.9) 
p,c 


Thus we again arrive at the concept of particles and antiparticles, and the whole 
of the discussion of these in §11 is applicable. 

But particles with spin } are fermions, whereas those with spin zero are bosons. 
An examination of the formal origin of this difference shows that it is due to the 
different nature of the expressions for the ‘‘energy density” in the scalar and spinor 
fields. In the scalar field the expression is positive—definite, and the terms dd and 
bb* therefore both have a positive sign in the Hamiltonian (11.3). If the energy 
eigenvalues are positive, the replacement of bb* by b*b must occur without change 
of sign, t.e. in accordance with the Bose commutation rule. For the spinor field, 
however, the “energy density” is not a positive—definite- quantity, and hence the 
term bb* appears with the minus sign in the Hamiltonian (25.3); to obtain positive 
eigenvalues, the replacement of bb* must be accompanied by a change of sign, i.e. 
must occur in accordance with the Fermi commutation rule. 

The form of the energy density is directly related to the transformation 
properties of the wave function and to the requirements of relativistic invariance. 
In this sense we may say that the relation between the spin and the statistics 
obeyed by the particles is likewise a direct consequence of these requirements. 

The fact that particles with spin ; are fermions also leads to a general con- 
clusion: all particles with half-integral spin are fermions, and those with integral 
spin are bosons (including those with spin zero, as demonstrated in §11).t 


+ The origin of the relation between the spin of a particle and the statistics which it obeys was first 
elucidated by W. Pauli (1940). 


94 Fermions §26 


This is evident because a particle with spin s may be regarded as ‘“‘composed”’ 
of 2s particles with spin 3. When s is half-integral, 2s is odd; when s is integral, 2s 
is even. A ‘“‘composite”’ particle containing an even number of fermions is a boson, 
and one containing an odd number of fermions is a fermion.t 

If a system consists of particles of various kinds, then creation and annihilation 
operators must be defined separately for each kind of particle. The operators 
pertaining to different bosons, or to bosons and fermions, commute. Operators 
pertaining to different fermions may be regarded, in the non-relativistic theory, as 
either commuting or anticommuting (QM, §65). In the relativistic theory, which 
allows transformations of particles into one another, the creation and annihilation 
operators of different fermions must be regarded as anticommuting, like those 
which pertain to different states of the same fermions. 


PROBLEM 


Find the Lagrangian of the spinor field. 


SOLUTION. The Lagrangian corresponding to Dirac’s equation is given by the real scalar expression 
L = 2i(by" au — Au - y"w) — me. (1) 


Taking the components of yw and w as the ‘generalized coordinates” q, we easily see that the 
corresponding Lagrange’s equations (10.10) are the same as Dirac’s equations for w and w. The overall 
sign of the Lagrangian (like the common factor in it) is arbitrary. Since L involves the derivatives of w 
and w linearly, the action S = f L d‘x can in any case have no minimum or maximum. The condition 
5S = 0 here gives only a stationary point of the integral, not an extremum. 

The Lagrangian of the spinor field is obtained by replacing w in (1) by the operator w. Applying 
formula (12.12) to this Lagrangian, we find the current operator (25.7). 


§26. Charge conjugation and time reversal of spinors 


The coefficients Wp~ = Upoe "* which appear with the operators d,, in (25.1) are 
the wave functions of free particles (electrons, say) having momenta p and 
polarizations a: 


ne a W, 
ao 


The coefficients W_»,-, of the operators b,, are to be regarded as the wave functions 
of positrons having the same p and a. It 1s found, however, that the electron and 
positron functions are expressed in different bispinor representations. This is 
evident from the fact that Ww and w differ in their transformation properties and 
their components satisfy different sets of equations. To eliminate this defect, it is 
necessary to carry out a certain unitary transformation of the components wW_,-., 


tT In this argument it is assumed that all particles with the same spin obey the same statistics 
(whatever the way in which they are. ‘“‘compounded’’). The truth of this assumption is seen by 
analogous arguments. For example, if there existed fermions with spin zero, then a fermion with spin 
zero and one with spin } would yield a particle with spin 3, which would be a boson, in contradiction with 
the general result demonstrated for spin 3. 
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such that the new four-component function satisfies the same equation as y,,.t This 
will be referred to as the wave function of the positron (with momentum p and 
polarization o). Denoting the matrix of the required unitary transformation by Uc, 
we may write 


oe = Uctb-p.-0- (26. 19) 


The operation C whereby this function is obtained from w_,_, is called charge 
conjugation of the wave function (H. A. Kramers, 1937). This concept is, of 
course, not restricted to its application to plane waves: for any function w, there 
exists a “charge-conjugate”’ function 


Cu(t, r) = UcW(t, r), (26.2) 


which has the same transformation properties as w and satisfies the same equation. 
The properties of the matrix Uc follow from this definition. If y is a solution of 
Dirac’s equation (yp — m)y = 0, then w satisfies the equation 


Wyptm)=0, or (yp+m)p =0. 
Multiplying this equation on the left by Uc: 
Ucypy + mUc = 0, 
we apply the condition that the function Ucw satisfies the same equation as w: 
(yp —m)Uci = 0. 


A comparison of the two equations gives the following ‘“‘commutation relation” 
between Uc and the matrices y":t 


Ucy" = —vy"Uc. (26.3) 


We shall further suppose that the wave functions are stated in the spinor or 
standard representation; the general case of any representation will be considered 
only at the end of this section. In these representations, we have’ 


yor = 7’, ye=-¥7?, 


(y° Leys oe y” ae y* = —¥?, (26.4) 


Then the condition (26.3) is satisfied by the matrix Uc = ncy’y”, the constant nc 
being arbitrary. The condition C’=1 shows that |nc|?= 1, and the matrix Uc is 
+ For particles with spin zero, this problem did not arise, since the scalar functions w and * satisfy the 
same equation, and w*, is identical with wp. | 
+ From this there follows also the equation 


Ucy’ = y' Uc. (26.3a) 
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therefore determined apart from a phase factor. We shall take nc = 1; thus 
Uc = y’y° = ay. (26.5) 


Noting also that f = w*y° = y°w* = y°w*, we may write the effect of the operator C 
as 


Ch = yb = 7b". (26.6) 
The explicit form of the transformation (26.6) for the spinor representation is 
C: &*>-in*, Na > —i€%, (26.7a) 
or, equivalently, 
C: & ing,  n*>-ié**. (26.7b) 
The charge-conjugation transformation for the plane waves w.,, is easily 


carried out by using the explicit expressions (23.9) for the plane waves and the 
matrix Uc in the standard representation: 


_({ 9 Oy 
Uc = os ) (26.8) 
Since 
oya* = —aoy, 


we have, if w'’” is defined as in (23.16), 
Ucii-p-o =Upo,  Ucl-p-o = Hye. (26.9) 
Thus 
CW-p-o = Wpos (26.10) 


so that the functions #_,-, which appear with the operators boo in the W-operators 
(25.1) do in fact correspond to states of a particle having momentum p and 
polarization o. We see also that the electron and positron states are described by 
the same functions: 


(e) _ oy (p) — 
po” po ~~ Woo- 


This.is to be expected, since the functions ,, embody information only as to the 
momentum and polarization of the particle. 

The operation of time reversal may be treated similarly. When the sign of the 
time is changed, the wave function must change to the complex conjugate. In order 
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to obtain the ‘‘time-reversed” wave function (Ty) in the same representation as the 
original w, we must also perform some unitary transformation on the components 


of w* (or Ww). Thus the action of the operator T on w can be written, similarly to 
(26.2), as 


T(t, r) = Urw(-t, vn), (26.11) 


where U7 is a unitary matrix. 
Dirac’s equation satisfied by w is 


(ins é ey m y(t r) = 0, 

and the equation for w is 
ty Os eas - 

(i vas iy: V+ m) b(t r)=0. 

In the latter equation we change t into —t and multiply on the left by — U7: 
(iv = eee v) H(t, r) — mU;7(-t, R) = 0. 
We want the function U;(—t,r) to satisfy the same equation as w(t, r): 
(ins +iy: v) Urb(—t, r) — mUph(-t, r) = 0. 


Comparing the two equations, we find that the matrix Uy; must satisfy the 
conditions 


Urry’ =yUr, = Ury = —-yUr. (26.12) 


In the spinor and standard representations, these conditions are satisfied by the 
matrixt 


Ur; = iy’y'y°. (26.13) 
Thus the effect of the operator T is given by 
TY(t, r) = iy?y'yWrt, v) = iy’y'W*(t, 2). (26.14) 
The explicit form of this transformation for the spinor representation 1s 
T: &°—> — i€%, Nain, (26. 15a) 


+ The choice of the phase factor in (26.13) depends on that in (26.5); see the second footnote to §27. 
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or 
T: & >ié*, 9 n° > —in;. (26.15b) 


In the standard representation, 


Ue a ‘ ) (26.16) 


0 -oy, 
To find the effect on w of all three operations P, T and C, we write successively 


T(t, r) = —iy'y’w*(-t, r), 
PT w(t, r) = iy(TW) = y°y'y?w*(-t, -P), 
CPT W(t, r) = Vy y'y°w*)* = yyy yet — Pv), 
or 


“PT W(t, r) = iy'w(-t, — 1). (26.17) 
In the spinor representation, 
CPT: é&->—ié, Ni IN, (26.18) 


as is also easily seen directly from the transformation rules (20.4), (26.7) and 
(26.15).f 

The expressions given above for the matrices Uc and Ur assume the spinor or 
standard representation of w. Let us finally see which properties of these expres- 
sions are retained for any representation of w. 

If & is subjected to a unitary transformation: 


w=Up y= UyU', p= pty” = ~U* = YU", (26.19) 
then in the new representation we have 
(Cw) = U(Cw) = UUch = UUc(b'U) = UU". 


A comparison with the definition of the matrix Uc in the new representation, 
(Cw)' = U cw’, shows that 


Uc= UUCU. (26.20) 


The transformation (26.20) is the same as that of the matrices y only if U is real. 
The expression (26.5) also is therefore valid only in representations which are a real 
transformation of the spinor or standard representation. 


+ The notation CPT implies that the operators.act in the sequence from right to left. The sign of (26.17) 
and (26.18) depends on this sequence, since T does not commute with C and P (as regards their action on a 
bispinor). 
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The matrix (26.5) is unitary, and changes sign when transposed: 
UcUé=1, Uc=—-Uc. (26.21) 


These properties are unaffected by the transformation (26.20), and are therefore 
retained in any representation. The matrix (26.5) is also Hermitian (Uc = U0), but 
this property is in general not preserved by the transformation (26.20). 

The above discussion and formulae (26.21) apply likewise to the properties of 
the matrix U7. 

In the second quantization formalism, the transformations C, P. T for w-operators 
must be formulated as transformation rules for the particle creation and annihilation 
operators. These rules can be established (as in §13 for particles with spin zero) from 
the condition that the transformed wW-operators may be written 


b(t, r) = Uch(t,r), 
b(t, r) = iy b(t, —r), (26.22) 


i" (t,r) = Urb(-t, r). 


PROBLEM 


Find the charge-conjugation operator in the Majorana representation (§21, Problem 2). 


SOLUTION. The matrix U cin the Majorana representation is obtained from the matrix Uc = — ay inthe 
standard representation by the transformation (26.20) with U = (ay + B)/V2, and is Ué = —ay (where ay 
and B denote matrices. in the standard representation). If primes denote quantities in the Majorana 
representation, we have Cy’ = Ud(W'*B’), and since B' = a, 


Cy! = ay(p'*ay) = andy" = y'*, 


i.e. charge conjugation is the same as complex conjugation. 


§27. Internal symmetry of particles and antiparticles 


The wave function of a particle with spin 3, in its rest frame, is a single 
three-dimensional spinor, which will be denoted by ®*. The behaviour of this 
spinor under inversion is related to the concept of the internal parity of the particle. 
However, as mentioned in §19, although the two possible laws of transformation of 
three-dimensional spinors (®* > +i®*) are not equivalent, there is no absolute 
significance in assigning a particular parity to a spinor. We therefore cannot speak 
of the internal parity of any one particle with spin }, but we can refer to the relative 
internal parity of two such particles. 

From two (three-dimensional) spinors ®” and ©”, a scalar O@?* can be 
formed. If this is a true scalar, the particles described by the spinors are said to 
have the same internal parity; if it is a pseudoscalar, they are said to have opposite 
internal parities. 

We shall show that particles and antiparticles (with spin 4) have opposite parities 
(V. B. Berestetskii, 1948). 

Firstly, if the operation C (26.7) is applied to both sides of the P transformation 
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(19.5) (in the spinor representation) 
P: &€* >in, Na > 1€°, (27.1) 
we obtain 
Wet: ig, 


where the index c marks the components of the bispinor 


w= (5) Change COnMeAteA0 io) 


Taking the complex conjugate and interchanging the indices, we find 
P: gig, Eo" > ing. (27.2) 


Thus charge-conjugate bispinors are transformed in the same manner by inversion. 

Let wy be the wave function of a particle (say an electron) and wp that of the 
antiparticle (a positron). The latter is a bispinor which is the charge conjugate of a 
‘“negative-frequency” solution of Dirac’s equation. In the rest frame, each function 
becomes a three-dimensional spinor: 


glee _ i? a plea pele = n?? = Pa 
According to (27.1), (27.2), these spinors are transformed as follows by inversion: 
O° > id", (27.3) 


the same for both ®© and ®”, The product ©”, however, changes sign, and 
this proves the result stated above. 

A strictly neutral particle is one which coincides with its antiparticle (§12). The 
w-operator of a field of such particles satisfies the condition 


b(t,r) = P(t, r). 


For particles with spin }, this implies the conditions (in the spinor representation)t 
E* = —in**, Na = — i€3. (27.4) 


Like any relation which expresses a physical pfoperty, these conditions are 
invariant under the transformation CPT.# It is easily verified that they are in fact 


+ In the Majorana representation, strict neutrality implies simply that the operator #’ is Hermitian; 
see §26, Problem. 

+ More precisely, the transformation CPT must here be defined so as to leave relations such as 
(27.4) unchanged. This is achieved by an appropriate choice of the phase factor in the definition of the 
matrix Ur; see the third footnote to §26. 
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invariant not only with respect to CPT but also with respect to each of the three 
transformations separately. 

In §19, inversion of spinors was defined to be a transformation for which 
P?=~—}, and this definition has been used so far. The result derived above 
concerning the relative parity of particles and antiparticles is easily seen to be, as it 
should be, independent of the way in which inversion 1s defined. 

If inversion is defined by the condition P? = 1, then (27.1) becomes 


P: €* > Na, Na &*. (27.5) 
The charge-conjugate function is then transformed according to 
oi ila | he i ieee a 


which differs in sign from (27.5). Accordingly, the three-dimensional spinors ® will 
be transformed thus: 


(e) (e) (Pp) (p) 
Het _, Hie Mire _» — Hire. 


and the product ®’}” will again be a pseudoscalar. 

The only possible difference in the physical consequences of. the two views of 
Inversion is that with the definition (27.5) the condition for a strictly neutral field 
would not be invariant under this transformation (or the transformation CP), 
which would alter the relative sign of the sides of the equations (27.4). Actually, no 
strictly neutral particle with spin 3 is known, and we cannot yet say whether this 
difference between the two definitions of inversion has any real physical meaning.f 


PROBLEM 


Find the charge parity of positronium (a hydrogen-like system consisting of an electron and a 
positron). 

SOLUTION. The wave function of two fermions must be antisymmetric with respect to simultaneous 
interchange of coordinates, spins and charge variables of the particles (cf. §13, Problem). The 
interchange of the coordinates multiplies the function by (—1)', that of the spins by (—1)'**, where S (=0 
or 1) is the total spin of the system, and that of the charge variables by the required parity C. The 
condition 


(-1)'(-1)'""8C =-1 


gives C = (-1)'**. Since the internal parities of the electron and the positron are opposite, the spatial parity 
of the system is P = (—1)'*'. The combined parity CP = (-1)**' 


§28. Bilinear forms 


Let us consider the transformation properties of various bilinear forms which 
can be constructed from components of the functions w and w&*. Such forms are of 
great importance in quantum mechanics. They include the current density 4-vector 
(21.11). 


+ The incomplete equivalence of the two definitions of inversion was first noted by G. Racah (1937). 
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Since w and w* have four components each, a total of 4x 4 = 16 independent 
bilinear combinations can be formed from them. The classification of the trans- 
formation properties of these is evident from the ways listed in §19 of multiplying 
any two bispinors (in this case yw and w*). We can form a scalar (denated by S), a 
pseudoscalar (P), a mixed spinor of rank two equivalent to a true 4-vector V“ (four 
independent quantities), a mixed spinor of rank two equivalent to a 4-pseudovector A” 
(four quantities), and a bispinor of rank two equivalent to an antisymmetric 4-tensor 
T” (six quantities). 

In a symmetrical form (for any representation of &), these combinations may be 
written 


S=bb, P=iwby*y, 
; wp : py ; (28.1) 
Vi= yt, At*=dy'yyp, TT” =ibo''y, 


where 
ov = y"y’ — yy") =(a, id); (28.2) 


the components in (28.2) are stated as in (19.15). All the expressions given above 
are real. 

The fact that S is a scalar and P a pseudoscalar is evident from their spinor 
representations: 


S=tn+n*é P= i(E*n- n°), 


which agree with (19.7) and (19.8). The fact that the V” form a vector ts then evident 
from Dirac’s equation: multiplying the equation p,y“w = mw on the left by w, we 
obtain 


Ui .y'h = mip. 


Since the right-hand side is a scalar, so is the left-hand side. 

The rule whereby the quantities (28.1) are obtained is obvious: they are 
constructed as if the matrices y" formed a 4-vector, y> were a pseudoscalar, and 
the w and ¢& on either side together formed a scalar.t The non-existence of bilinear 
forms which are symmetrical 4-tensors is seen from the spinor representation and 
also from this rule: since the symmetrical combination of matrices is y“y” + y’y” = 
2g*", any such form would reduce to a scalar. 

The second-quantized bilinear forms are obtained by replacing the w-functions 
in (28.1) by wW-operators. For greater generality, we shall assume that the two 
w-operators relate to fields of different particles, denoted by suffixes a and b. Let 


2 1 For a unitary transformation of % (change of representation), we have > Uy, y>UyU", 
y-—>wWU , and the invariance of the bilinear forms under such transformations is obvious. 
+ The “pseudoscalar” nature of y’° is itceif in accordance with these rules, since 


5 i v 
Y = 54 Crure y y*y’y?. 
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us see how such operator forms are transformed under charge conjugation. We 
havet 


po =Uch, po = Utd, (28.3) 


and therefore, using (26.3) and (26.21), 


VSHS = GURU cH 

as — HU LU cis 
— bathe, 
USy"bf = b.U by"Ucds 
a aU by"Ucthy 
a Wa “Ds. 


\\ 


When the operators are restored to their original order ( to the left of ), the 
Fermi commutation rules (25.4) show that the sign of the product is changed (and 
moreover terms appear which are independent of the state of the field; we omit 
these, as in the corresponding treatment in §13). Thus we have 


wos = Woe, Woy HS = — Wey" ho. 


Proceeding similarly with the other forms, we find the results for charge con- 
jugationt 


Cc Sop 4 Sta P., > Pro, Vi, as ae Vb. (28 4) 
Air > Aba,  Ta—>-Tha. 
The behaviour of these forms under time reversal may be ascertained similarly, 
remembering (see §13) that this operation brings about a change in the order of the 
operators, so that, for example, 


A 


aA — 


(Wathy)” = piyt. 


t To derive the second of these equations from the first, we write 
w= [UR by*)]y° 
= Y Uy 
=-yU cy 
= 7° y°* Uty 
= Utd, 
using (26.3), (26.21) and the fact that y° is Hermitian. 
t It should be noticed that, for bilinear forms constructed from w-functions (not w-operators), the 


transformations (28.4) would have the opposite signs, since the return to the original order of the factors 
and w would not involve a change of sign. 
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Substituting here 
b7 =U, Wb =-Utd, (28.5) 
we obtain 
(Vathe)™ = —bUrU the 
UU the 


Treating the other forms in the same way, we obtian 


T: Sab a Shas P., —- —Pra, (Vv, V) ab —? (Vv°, —V)bas 


ae seg a ee a (28.6) 
(A", A)as >(-A™ Adba, To = (Pp, Ada, > (DP, — Aba, 
where p and 4 are three-dimensional vectors equivalent to the components of T*’ 
as shown in (19.15). 
Under spatial inversion we have, in accordance with the tensor properties,t 


ae Sab = Sab» P.» = —P.», (V°, V)ab = (Vv, —V)abs 


Ba 3 ie (28.7) 

(A®, A)as > (—A®, A)bas Ta = (p, a)ab > (—Pp, A)ao. 
Finally, the simultaneous application of all three operations leaves all the Sav, Pas 
and T“% unchanged, and changes the sign of all the ve, and A4,, in agreement with 
the fact that this transformation is a 4-inversion: since 4-inversion 1s equivalent to a 
rotation of the 4-coordinates, it creates no difference between true tensors and 
pseudotensors of any rank. 

Let us now consider products of pairs of bilinear forms constructed from four 
different functions w’, w°, w‘, bw’. The result depends on which pairs of functions 
are multiplied together. It is possible, however, to reduce any such product to 
products of bilinear forms with specified pairs of factors (W. Pauli and M. Fierz, 
1936). We shall derive the relationship on which this reduction is based. 

If we take the set of four-rowed matrices 


Ly", iy*y’, io”, (28.8) 


where 1 is the unit matrix, arrange these 16 (=1+1+4+4+6) matrices in any 
definite order and denote them by y* (A =1,..., 16), and also denote the same 
matrices with lowered 4-tensor indices (y,v) by ya, then they will have the 
following properties: 


try*=0 (y*#1), (28.9) 


y“y4 = 1, ter y “yp = 55. 


+t To avoid any misunderstanding, it should be mentioned that the transformations T and P also 
involve a change in the arguments of the functions; the right-hand (transformed) sides in (28.6)}(28.7) 
are respectively functions of x’ =(-t,r), x’ =(t,-r), when the left-hand sides are functions of 
x =(t,r). 
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The last of these shows that the matrices y“ are linearly independent. Since their 
number is equal to the number (4x4) of elements of a four-rowed matrix, the 
matrices y* form a complete set in terms of which an arbitrary four-rowed matrix 
I’ may be expressed: 


T=S cay’, ca=itry,l, (28.10) 
A 
or, in explicit form, with matrix suffixes i, k = 1, 2, 3, 4, 


Pi. = i > r im Yat Aik: 


Assuming, in particular, that in the matrix I’ only the element I’, is non-zero, we 
obtain the required relation (the “completeness condition’’): 


5iSkm = 4 » YaikY fal (28.11) 
Multiplying both sides of this equation by W7w?bswi, we have 
(hep (pop?) = 4 9 (boyaw” (poy Ww). (28.12) 


This is one equation of the type mentioned above, reducing the product of two 
scalar bilinear forms to products of forms involving other pairs of factors.t 
Other equations of the same type may be obtained from (28.12) by the changes 


yisy yt, poy w’, 


using the expansion 
yey" = Diery®, ce =atry“y? yp 


(see the Problem). 

Here we may also give for future reference, the relation for two-rowed matrices 
which corresponds to (28.11). The complete set of linearly independent two-rowed 
matrices a“ (A = I, 2, 3, 4) is 


1, Ox, Oy, Oz. (28.13) 


These have the properties 
tra*=0 (c’# 1), 
Ler g4g® = yp. (28.14) 
+t It should be mentioned, to avoid any misunderstanding, that we are referring here to forms 


constructed from w-functions. The sign of the transformation would be opposite for forms constructed 
from the anticommuting w-operators. 
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The completeness condition is 


Say 5gs a } » onpOsy 


= 1Oup * W5y a +85, (28.15) 
(a, B, y, 5 = 1, 2), or 
Tag * V5y = —Iay * Tsp + 35aySsp- (28.16) 
PROBLEM 


Derive formulae analogous to (28.12) for products of pairs of bilinear forms, P, V, A, T. 
SOLUTION. We use the notation 


Is = (yw oy"), Jp = (by WP YH), | 
Jv =(b°y*h \b y.b?), Ja = (Wtiy" yh Mb iny ov"), 
Jr = (io (bio, wb"), 


and the same symbols with primes to denote the products with w’ and w‘ interchanged. The method 
used above gives 


43s= Jst+ Iv+ JIr+ Jat Sp, 
4JV=4Js —2Jv + 2Ja — 4Jp, 
4J += 6Js —2Jr + 6Jp, 
43 4= 4Js + Jv —2Ja—4Jp, 
4Jp= Js— JIvt+ Jr-— Jat Jp, 


the first of these equations being the same as (28.12). 


§29. The polarization density matrix 


The dependence on the coordinates of the wave function w# which describes 
free motion with momentum p (a plane wave) reduces to a common factor e'?’’, 
and the amplitude u, acts as a spin wave function. In such a state (a pure state), the 
particle is completely polarized (see QM, §59). In the non-relativistic theory this 
means that the particle spin has a definite direction in space (more precisely, there 
exists a direction in which the spin component has the definite value +4). In the 
relativistic theory, this description of a state in an arbitrary frame of reference is 
not possible, because, as already mentioned in §23, the spin vector is not con- 
served. The term “‘pure state” signifies only that the spin has a definite direction in 
the rest frame of the particle. 

In a state of partial polarization, there is no definite amplitude, but only a 
polarization density matrix px (i, k = 1, 2, 3, 4 being bispinor indices). We define this 
matrix in such a way that in a pure state it reduces to products: 


pik = Upild ps. (29. 1) 
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Accordingly the matrix p is normalized by the condition 
trp =2m; (29.2) 


cf. (23.4). 
In a pure state, the mean value of the spin is given by the quantity 


§ =4[ wrEy ax 


1 
= Zo py’ Eup. (29.3) 


The corresponding expression for a state of partial polarization is 
g= 7 tr(py°E) =~ tr (py'y) (29.4) 
4e 4e 


The amplitudes u, and a, satisfy the algebraic equations (yp —m)u, = 0, 
u,(yp — m)=0. The matrix (29.1) therefore satisfies the equations 


(yp — m)p = p(yp — m) = 0. (29.5) 


The density matrix must satisfy similar linear equations in the general case of a 
state which is mixed (with respect to the spin); cf. the analogous argument in QM, 
§14. 

If we consider a free particle in its rest frame, the non-relativistic theory is 
applicable. In that theory the state of partial polarization is completely defined by 
three parameters, the components of the mean spin vector § (see QM, §59). It is 
therefore clear that the same parameters will define the polarization state after any 
Lorentz transformation, i.e. for a moving particle. 

Let twice the mean spin vector in the rest frame be denoted by ¢; in a pure state 
\¢| = 1, in a mixed state |{|<1. For a four-dimensional description of the polariza- 
tion state it is convenient to define a 4-vector a” which in the rest frame is the same 
as the three-dimensional vector ¢; since ¢ is an axial vector, a“ is a 4-pseudovector. 
This 4-vector is orthogonal to the 4-momentum in the rest frame (in which 
a* =(0,¢), p* =(m, 0)); in any frame, we therefore have 


a“p, =0. (29.6) 
In any frame, moreover, 
a,a* = -C. (29.7) 


The components of the 4-vector a* in a frame in which the particle 1s moving 
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with velocity v = p/e are found by a Lorentz transformation from the rest frame, 
and are 


E 
a= el Ci, a, =, ay = mol (29.8) 


where the suffixes || and 1 denote the components of the vectors ¢ and a parallel and 
perpendicular to the direction of p.t These formulae may be expressed in vector form: 


a= c+ Pp) q?=3-P_ PS e=c+ eo (29.9) 


m(e +m) m 


Let us first consider the unpolarized state (C = 0). The density matrix in this case 
can contain as parameters only the 4-momentum p. The only form for such a 
matrix which satisfies the equations (29.5) is 


p =x(yp + m) (29.10) 


(I. E. Tamm, 1930; H. B. G. Casimir, 1933). The constant coefficient is chosen in 
accordance with the normalization condition (29.2). 

In the general case of partial polarization (€ # 0), we seek the density matrix in 
the form 


Silt 
p= a (yp + m)p'(yp + m), (29.11) 


which necessarily satisfies the equations (29.5). When ¢ = 0, the auxiliary matrix p’ 
must become a unit matrix; since (yp + m)* = 2m(yp + m), (29.11) is then the same 
as (29.10). The matrix p’ must also contain the 4-vector a linearly as a parameter, 
1.e. must be of the form 


p'=1- Ay"(ya); (29.12) 


the second term includes the “scalar” product of the pseudovector a and the 
‘“‘matrix 4-pseudovector” y°y. To determine the coefficient A, we write the density 


+t As regards their transformation properties, the components of the mean spin vector § (like those of 
any angular momentum) are, in relativistic mechanics, the space components of an antisymmetric tensor 
S*“. The 4-vector a’ is related to this tensor by the equations 
| A 


Ayu Auvoe = 2 Auvp 
S = Im é€ Qa.pp, a a e m e ss Oe. 


It must be emphasized that, in an arbitrary frame of reference, the spatial part a of the 4-vector a‘ is not 
the same as the vector 25: we easily see that 


7 ] 
254 = = (aye — a" |p|) = fi, 


= E€ &€ 
28. =—a, == 0s 
m m 
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matrix in the rest frame: 
p =am(1+ y°\(1+ Ay*y - OU + y°) 

sm(1i+ y+ Ay’y-S) 


and calculate the mean spin by (29.4). Using the rules given in §22, we easily find that 
the only non-zero term in the trace ts 


Saas chal gins 
2s=5 tr (py y) 


—4A tr [(y- Oy] 
AC. 


l 


Equating this to ¢, we have A=1. The final expression for p is obtained by 
substituting (29.12) in (29.11) and interchanging the factors p’' and yp +m; since a 
and p are orthogonal, the product yp anticommutes with ya: 


(ya)(yp) = 2ap — (yp)(ya) = —(yp)(ya), 


and therefore commutes with y°(ya). 


Thus the density matrix of a partially polarized electron is given by the 
expression 


p =xyp + m)(1— y*(ya)) (29.13) 


(L. Michel and A. S. Wightman, 1955). If the matrix p is known, the 4-vector a 
which describes the state can be found from 


ae = tritoyiy), (29.14) 


and the vector ¢ is therefore also known. 

The formulae for the density matrix of the positron are entirely analogous to 
those of the electron. If the positron (with 4-momentum p) were described by a 
positron amplitude u‘?°? and by a density matrix p®°* defined on the basis of this 
amplitude, then there would be no difference from the case of the electron, and the 
matrix p'°°? would be given by the same formula (29.13). But, in actual calculations 
of cross-sections of scattering processes involving positrons, it is necessary (as we 
shall see below) to deal not with u?°** but with the ‘‘negative frequency” amplitudes 
u_,. Accordingly, the polarization density matrix (which we denote by p‘”’) must be 
defined so as to reduce to u_,j_,, for a pure state. 

According to (26.1), the positron amplitude u‘?°? = Ucii_,. Conversely, 


u-p = UciifP, — i_» = UGulP) = uP UR; 
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cf. (28.3). If 


cw ae = (pos) _ ,, (pos) = (pos) 
Pik = U_piU-pr, pike” = useage”, 


then these formulae give 
po '=.Uep UF. (29.15) 


Substituting for p®* the expression (29.13), we obtain, after some simple 
rearrangements using (26.3) and (26.21), 


p= (yp — m\(1- y°(ya)) (29.16) 
In particular, for an unpolarized state 
p'? = (yp — m). (29.17) 


In referring to positron density matrices below, we shall intend the matrices p‘”, 
and the index (—) will be omitted; the matrices p°*? will not be needed in practice. 

In various calculations it will often be necessary to average over spin states an 
expression such as #Fu (=u,)F4,.) where F is a (four-rowed) matrix and u is the 
bispinor amplitude of a state having a definite 4-momentum p. This averaging is 
equivalent to replacing the products u,u; by the density matrix p,; of a partially 
polarized state. 

In particular, complete averaging over two independent spin states is equivalent 
to changing to an unpolarized state, and, by (29.10), we have 


+> a,Fu, =3tr(yp + m)F. (29.18) 
polar. 
Similarly, for wave functions with negative frequency, 


13S a_,Fu_, =4tr(yp — m)F. (29.19) 


polar. 


If summation over spin states replaces averaging, the result 1s doubled. 

Let us see how the density matrix (29.13) tends to its non-relativistic limit. To 
do so, we use the rest frame of the electron. In the standard representation of the 
wave functions, the amplitudes u, in this frame have two components in the limit, 
and the density matrix must accordingly have two rows. For, in the rest frame, 


p =im(y°t I)(1— y*y-O), 


and we find from the expressions (21.20) and (22.18) for the matrices y 


oe ( = ; ) Prone = m(1+o° 0), ( 29.20) 
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the zeros denoting two-rowed null matrices. If we use the normalization of the 
density matrix to unity (tr Ppon+ = 1), aS is customary in the non-relativistic theory, 
instead of the normalization to 2m, then the above expression must be divided by 
2m, giving 


(1+o °C) 


in agreement with QM, (59.4), (59.5). 
Similarly, the non-relativistic limit for the positron density matrix is 


_ {0 9 ah 
p= is cds : Pnon-r = m(t +o C). 


Finally, there is a simpler expression for the density matrix in the ultra- 
relativistic case. Putting in (29.8) |p| ~ « (and thereby neglecting small quantities of 
order (m/e)’), substituting these expressions in (29.13) or (29.16), and taking the 
direction of p as the x-axis, we can write 


p =2Le(y°- y')+m] 1 7 ¥(Z(°- y eit hi: v:)|, 


where the upper sign refers to the electron and the lower sign to the positron. 
When the product is expanded, the leading terms cancel, and those of the next 
order give 


p =re(y°— y Il - y(t G+ yw) 


or, again writing e(y°— y') in the form yp, 


p = Xyp)[1— y°(+ Gt+b.- yw). (29.21) 


This is the required expression for the density matrix in the ultra-relativistic 
case. It should be noticed that all the components of the polarization vector ¢ 
appear in this expression equivalently, as terms of the same order of magnitude. It 
will be recalled that £, is the component of this vector parallel (if {j;>0) or 
antiparallel (if ¢;< 0) to the particle momentum. In particular, for a helicity state of 
the particle, Z) = 2A = +1; the density matrix then has an especially simple form, 


p= yp(l+2ay’), (29.22) 


which is, as it should be, the same as the neutrino or antineutrino density matrix, 
these being particles with zero mass and definite helicity (see §30). 


§30. Neutrinos 


We have seen in §20 that the necessity of two spinors (€ and 7) to describe a 
particle with spin } is due to the mass of the particle. This necessity disappears if the 
mass is zero. The wave equation which describes such a particle can be derived froma 
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single spinor, say the dotted spinor 7: 
png = 0, | (30.1) 
or, equivalently, 
(po+ p:a)n =0. (30.2) 


It has also been noted in §20 that the wave equation containing the mass m is 
necessarily symmetrical with respect to inversion (the transformation (20.4)). When 
the particle is described by a single spinor, this symmetry is lost, but it is not needed, 
since symmetry with respect to inversion is not a universal property of Nature. 

The energy and momentum of a particle with m = 0 are related by e = |p|. For a 
plane wave (n, ~ e~'*), equation (30.2) therefore gives 


(n+ @) np = — mp, (30.3) 
where n is a unit vector in the direction of p. A similar equation, 
(n+ @)n-p = — 1-p; (30.4) 


applies to a wave with “negative frequency” (n_, ~ e’”*). 
The second-quantized w-operator is 


7 = i (pay + n-pb,'), 
: (30.5) 
= > (n pa, t n* pb»). 
Hence it follows, as usual, that n*, are the wave functions of the antiparticle. 


The definition (20.1) of the operators p% shows that p°** = — p**. The complex 
conjugate spinor 7* therefore satisfies the equations pn’ *=(, or, equivalently, 


Da an’* = =(. 
We write nP* = £* thus expressing the fact that complex conjugation changes the 


dotted to the undotted spinor. The wave function of the antiparticle then satisfies the 
equation 


Bapé? = 0, (30.6) 
or 
(po— p> o)E = 0. (30.7) 


Hence, for a plane wave, 


(n+ a)é, = &. (30.8) 
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But 3n-o is the operator which projects the spin on the direction of motion. 
Equations (30.3) and (30.8) therefore signify that states of the particle with a definite 
momentum are necessarily helicity states, for which the spin component in the. 
direction of motion has a definite value. If the particle spin is opposite to the 
momentum (helicity —4), then the antiparticle spin is along the momentum (helicity 
+3). 

The neutrinos which occur in Nature appear to be particles possessing these 
properties. The particle with helicity —}is conventionally called the neutrino, and that 
with helicity +} the antineutrino.t : 

In connection with the fact that the neutrino states are not degenerate with respect 
to spin directions, reference should be made to the comment in §8 that a massless 
particle has only axial symmetry about the direction of the momentum. For a strictly 
neutral particle (the photon), this symmetry includes both rotations about the axis and 
reflections in planes passing through the axis. For the neutrino, there is no reflection 
symmetry, leaving only the group of rotations about the axis, which conserve the 
angular momentum component along the axis and do not change its sign. The 
symmetry with respect to reflections exists only if the particle is at the same time 
replaced by the antiparticle. - 

It should also be noted that the necessarily longitudinal polarization signifies that 
the spin of the neutrino cannot be distinguished from its orbital momentum, just as 
with the necessarily transverse photon fields (§6). 

From one spinor 7 (or &), only four bilinear combinations can be constructed, 
which together form the 4-vector 


j* =(n*n, n*on). (30.9) 
It is easily verified that the equations 
(pot+p-a)n=0, n*(bo-p:a)=0 
ee the continuity equation 0,j* =0, so that j* acts as a particle current density 
-vector. 


It is convenient to normalize neutrino plane waves in a manner similar to that used 
in §23 for particles possessing mass: 


1 —ipx l ipx 
Np = V(Qe) Upe Ve N-p = (2e) U_pe& a (30.10) 
the spinor amplitudes being normalized by the invariant condition 
ut,(1, w)u., = 2(e, p). (30.11) 


The particle density and particle current density are then j° = 1, j= p/e =n. 
Since a free neutrino with a given momentum is always completely polarized, there 
t The existence of neutrinos was theoretically predicted by W. Pauli (1931) in order to explain the 


properties of B-decay. Equation (30.1) was first discussed by H. Weyl (1929). The neutrino theory based on 
these equations was evolved by L. D. Landau, T. D. Lee and C. N. Yang, and A. Salam (1957). 
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are no states which are mixed (with respect to the spin). It may nevertheless be 
convienent to define a two-rowed polarization ‘“‘density matrix”’ simply as the spinor 
of rank two 


Pap = UgU ps (30.12) 


for which tr p = 2e. An expression for this matrix can be obtained by noting that it 
must satisfy the equations 


(e+p:oa)p=ple+p:a)=0. 
Hence we have 
p=ée-p'a. (30.13) 


In the consideration of various interaction processes, neutrinos may appear 
together with other particles having spin 3 and possessing mass, which are therefore 
described by four-component wave functions. In such cases it is convenient to retain 
uniformity of notation by formally defining for the neutrino also a “‘bispinor’’ wave 
function having two components zero: 


=() 


But this form of w 1s in general not preserved in another (non-spinor) representation. 
This difficulty can be overcome by noting that in the spinor representation we have 
identically 


ZOO. rere -oro 


where é is an arbitrary ““makeweight” spinor which does not appear in the final result; 
the matrix y° is given by (22.18). The condition for a true “two-component” neutrino 


will therefore be maintained when it is described by a four-component wy in any 
representation, if w is taken to be the solution of Dirac’s equation with m = 0: 


(yp) = 0, (30.14) 


subject to the additional condition 4(1 + y°)b = w, or 
yw = y, (30.15) 


This condition may be taken into account by replacing w and w, wherever they 
would occur, by the following expressions: 


eae b5% (30.16) 
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For example, using these expressions in wy“, the current density 4-vector may be 
written in the form 


= Wy"(1t y*)W. (30.17) 
In the same way, the four-rowed neutrino density matrix becomes 


p =X1+ y')yp)U — y°) = 31 + y (yp). (30.18) 


In the spinor representation it reduces, as it should, to the two-rowed matrix (30.13), 


= ( 0 ) 
P e-o'p O0/ 


The corresponding formulae for the antineutrino differ from those given above by 
a change of the sign of y°. 

The neutrino ts an electrically neutral particle, but, with the properties described 
above, it is not a strictly neutral particle. Here it must be noted that the ‘neutrino field”’ 
described by atwo-component spinor is equivalent, as regards the number of possible 
particle states (but not, of course, as regards its other physical properties) to a strictly 
neutral field described by a four-component bispinor. Instead of states of particles and 
antiparticles with definite helicity, we should here have the same number of states of 
one particle with two possible values of the helicity, and the property of symmetry 
with respect to inversion would automatically occur. However, the zero mass of the 
“four-component” neutrino would be, so to speak, “‘accidental’’, since it would be 
unrelated to the.symmetry properties of the wave equation describing the neutrino 
(which allows also a non-zero mass). The various interactions of sucha particle would 
therefore necessarily imply the existence of a small but not zero rest mass. 


§31. The wave equation for a particle with spin 3/2 


A particle with spin 3/2 is described, in its rest frame, by a three-dimensional 
symmetrical spinor of rank three (having 2s +1=4 independent components). 
Correspondingly, in an arbitrary frame of reference, its description may involve the 
4-spinors €°°, nag, and £°°”, yag,, each of which is symmetrical in all the indices of one 
kind (dotted or undotted). The spinors in each pair are interchanged by inversion. 

In order that the 4-sponors °°’ and 74g, should become in the rest frame 3-spinors 
symmetrical in all three indices, they must satisfy the conditions 


Bnepy=0, pag’ = 0: (31.1) 
in the rest frame we have 


p °° — pods = mds, 
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as 1s seen from (20.1), and the conditions (31.1) therefore imply the equations 
oan “ay 0: 6528's, = 0, 


where the primed letters denote the corresponding three-dimensional spinors. Thus 
these spinors give zero on contraction with respect to the indices a, B, which means 
that they are symmetrical in these two indices, and hence in all three. 

The differential relations between the spinors € and n are 


p°’n?, = a meésy > 
+ jabs 31.2 
pEhY = maf. ne 

The conditions (31.1) ensure that the left-hand sides of (31.2) vanish on con- 
traction with respect to any other pair of indices, and hence that these quantities are 
symmetrical in B, y or a, 5. In the rest frame, the three-dimensional spinors &’ and 7’ 
are the same according to (31.2). On eliminating 7 or € from (31.2), we find that each 
component of the spinors & and 7 satisfies the second-order equation 


(p> — mE" = (31.3) 


The equations (31.1), (31.2) form a complete set of wave equations for a particle 
with spin 3/2. No further results would be obtained by using the spinors ¢ and y. Their 
structure is as follows: 


moo” = 2 png’, 
My apy = Pas€py- 

The equations of particles with spin 3/2 can also be put in a different form, using the 
vectorial properties of spinors (W. Rarita and J. Schwinger, 1941; A. S. Davydov and I. 
E. Tamm, 1942). One four-dimensional vector index yu is assigned to a pair of spinor 
indices af. Thus the components é°°’ of the spinor of rank three can be put into 
correspondence with the components of the ‘‘mixed”’ quantities yw”, which have one 
vector and one spinor index. Similarly, the spinor n°” is correlated with yr, and the 
two spinors together correspond to a “‘vector’’ bispinor wW, (omitting the bispinor 


index). The wave equation then becomes a “Dirac equation” for each of the vector 
components y,: 


(yp —m)p, = 9, (31.4) 

with the added condition 
yw, = 90. (31.5) 
Using the expressions for the matrices y” in the spinor representation and the 


t See the paper by Fierz and Pauli, cited in §15, concerning the Lagrangian formulation of these 
equations. 
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relations (18.6), (18.7) between the spinor and vector components, we can easily verify 
that equation (31.4) implies equations (31.2), and that the condition (31.5) is equivalent 
to the condition for the spinors €°°’ and °°” to be symmetrical in the indices By or By. — 
Multiplying (31.4) by y* and using (31.5), we find 


y*y"p, = 9, 
or, with the commutation rules for the matrices y’, 
2g". — y'Doy" Wy, = 0. (31.6) 
The second term in turn is zero by (31.5), and the first term gives 
p*p, = 9. (31.7) 


This condition, which is implied by (31.4), (31.5), is easily seen to be equivalent to the 
conditions (31.1). 

Finally, yet another way of expressing the wave equation is to use quantities Wx (i, 
k, |= 1, 2, 3, 4) with three bispinor indices, in which they are symmetrical (V. 
Bargmann and E. P. Wigner, 1948). The set of these quantities is equivalent to the 
components of all four spinors &, n, ¢, y. The wave equation becomes a set of “‘Dirac 
equations” | 


PuY imUmia = Mupin (31.8) 


We easily see that these equations yield the necessary number (four) of independent 
components yw, and there is therefore no need to impose any further conditions. In the 
rest frame, (31.8) becomes 


YinSmkt = Wikis 


according to which all the components with i, k, | = 3, 4 are zero (in the standard 
representation), i.e. the ws. reduce to the components of a three-dimensional spinor of 
rank three. 

The results given above have an obvious generalization for particles with any 
half-integral spin s. In the description by equations of the form (31.4), (31.5), the wave 
function is a symmetrical 4-tensor of rank 4(2s — 1) with one bispinor index. In the 
description by equations of the form (31.8), the wave function has 2s bispinor indices 
and 1s symmetrical in these. 


CHAPTER IV 


PARTICLES IN AN EXTERNAL FIELD 


§32. Dirac’s equation for an electron in an external field 


THE wave equations of free particles express essentially only those properties 
which depend on the general requirements of space-time symmetry. Physical 
processes involving the particles, however, depend on their interaction properties. 

The description of the electromagnetic interactions of particles in relativistic 
quantum theory can be effected by a generalization of the method used in classical 
non-relativistic quantum theory. 

This method, however, is applicable to the description of electromagnetic 
interactions only of particles that are not capable of strong interactions. These 
include electrons (and positrons), and the very wide domain of electron quantum 
electrodynamics is therefore accessible to the existing theory. There are also 
unstable particles, the muons, which are not capable of strong interactions; they 
are described by the same quantum electrodynamics as regards phenomena occur- 
ring in times short in comparison with their lifetime (with respect to weak 
interactions). 

In this chapter we shall discuss problems of quantum electrodynamics which 
fall within the scope of single-particle theory. These are problems in which the 
number of particles is unchanged, and the interaction can be represented in terms 
of an external electromagnetic field. Besides the conditions which ensure that the 
external field may be regarded as given, there are conditions arising from “radiative 
corrections” which also impose limits on the validity of such a theory. 

The wave equation of an electron in a given external field can be derived in the 
same way as in the non-relativistic theory (QM, §111). Let A* =(®, A) be the 
4-potential of the external electromagnetic field (A being the vector potential and ® 
the scalar potential). We obtain the desired equation on replacing the 4-momentum 
operator p in Dirac’s equation by p — eA, where e is the charge on the particle f: 


[y(p — eA)— m]p = 0. (32.1) 


The corresponding Hamiltonian is found by making the same change in (21.13): 


~ 


H =a:(p-—eA)+Bpmt+e®. (32.2) 
The invariance of Dirac’s equation under gauge transformations of the elec- 
tromagnetic field potential is shown by the fact that it is unchanged in form if the 


transformation A> A+ ipy (where x is an arbitrary function) is accompanied by 


+ The charge together with its sign is meant, so that for the electron e = —|e|. 
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the following transformation of the wave function:T 
b> pel; (32.3) 


cf. the corresponding transformation for Schrédinger’s equation in QM, §111. 
The current density is expressed in terms of the wave function by the same 
formula (21.11), 


j = bye, 


as when there is no external field. It is easily seen that, when the calculations used 
in deriving (21.11) are repeated with the equation (32.1) (and the equation (32.4) 
below), the external field disappears, and the continuity equation contains the same 
expression for the current as previously. 

Let us apply the operation of charge conjugation to equation (32.1). To do. so, 
we write the equation 


dl y(p + eA) +m] =0, (32.4) 


which is obtained as the complex conjugate of (32.1), in the same way as equation 
(21.9) was derived in Chapter III, and using the fact that the 4-vector A is real. 
Putting this equation in the form 


[7(p + eA) + m]p =0, 
multiplying it on the left by the matrix Uc and using the relations (26.3), we find | 
[y(p + eA) — m\(Cy) = 0. (32.5) 
Thus the charge-conjugate wave function satisfies an equation which differs 
from the original equation by a change in the sign of the charge. The operation of 
charge conjugation, however, corresponds to a change from particles to antiparti- 
cles. We see that, if the particles possess an electric charge, the signs of the 
electron and positron charges are necessarily opposite. 


The first-order equations (32.1) can be transformed into second-order equations 
by applying to them the operator y(p — eA)+™m: 


[y“y’(b, — eA, (Bb, — eA,) — m*]p = 0. 
The product y*y” may be written as follows: 
yey? = Hyty + yet) ony 7") 
= gh + go’. 


+ The transformation (32.3) with a function y(t, r) is sometimes called a local gauge transformation, 
in contrast to the global gauge transformation (12.10) with a constant phase a. 
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where o”* is the antisymmetric “matrix 4-tensor” (28.2). On multiplying by a“” we 
can antisymmetrize by the substitution 


(p, — eA, (p, — eA,) > {(p, — eA, (p, — eA,)}- 
= 3¢(-A,p, + pA, — BA, + AB,) 
= 7ie(3,A, — 0,A,) 
= Teh 


(with F,, = 0,A,— 0,A, the electromagnetic field tensor). The result is the second- 
order equation 


[((p — eA)’ — m’*—-}ieF,,0""]p = 0. (32.6) 


The product F,,0"" may be written in three-dimensional form in terms of the 
components 


o”* = (a, id), FY = (—E, H). 


Then 
((p -— eA)’ — m’?+ eX -H-iea: E]y = 0, (32.7) 
or, in ordinary units, 
2 2 
(2 <-<@) 2 (inv +£ a) mq Ss ag aye E|y =0. (32.7a) 
c ot Cc 6 C Cc 


The occurrence in these equations of terms in the fields E and H is due to the spin 
of the particle, and will be further discussed in §33. 

The solutions of the second-order equation include, of course, “redundant” 
solutions which do not satisfy the original first-order equation (32.1), being solu- 
tions of that equation with the opposite sign of m. The choice of the appropriate 
solutions tn particular cases 1s usually obvious and causes no difficulty. The 
customary procedure is that, if @ is any solution of the second-order equation, then 
a solution of the correct first-order equation is 


w =[y(p — eA) + mJ¢. (32.8) 


For, on multiplying this equation by y(p — eA)— m, we see that the right-hand side 
vanishes if @ satisfies (32.6). 

It should be emphasized that the introduction of the external field into the 
relativistic wave equation by replacing p by p — eA 1s not self-evident. In doing so, 
we have essentially made use of a further principle: this substitution must be | 
applied to first-order equations. For this reason equation (32.6) contains additional 
terms which would not appear if the substitution were made directly in the 
second-order equation. 
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The stationary-state solutions of Dirac’s equation in an external field may 
include states of both the continuous spectrum and the discrete spectrum. As tn the 
non-relativistic theory, states of the continuous spectrum correspond to infinite 
motion, in which the particle can be at infinity; it may there be regarded as a free 
particle. Since the eigenvalues of the Hamiltonian of a free particle are +V(p’+ 
m-), it is clear that the continuous spectrum of energy eigenvalues is in the ranges 
e =m and ¢ex-—m. If —m<e<~m, the particle cannot be at infinity, and the 
motion is therefore finite and the state belongs to the discrete spectrum. 

As in the case of free particles, the wave functions with “‘positive frequency” 
(e >0) and with ‘‘negative frequency” (€ <0) appear in a definite manner in the 
second quantization procedure. For particles in an external field, there is a natural 
generalization of this procedure, the plane waves in formulae (25.1) betng replaced 
by appropriately normalized eigenfunctions wf’ and wi? of Dirac’s equation, 
corresponding to positive and negative frequencies (e{ and —e{”): 


1 = > {api eet 4. bres ein 
n 
(32.9) 
b= DaBP el" + BIO eH, 
n 


However, as the potential well becomes deeper, the energy levels may cross the 
boundary e-=0, so that positive levels become negative (or vice versa when the 
potential has the opposite sign). Nevertheless, for the sake of continuity we must 
still regard these as electron (not positron) levels. That is, the electron states are to 
be regarded as all those which approach the positive limit of the continuous 
spectrum (€ = m) when the field is removed with infinite slowness. 

Although Dirac’s equation for an electron in an external field does, as already | 
mentioned, yield solutions for a large class of problems in quantum elec- 
trodynamics, we must at the same time emphasize that the applicability of the 
concept of an external field in the one-particle problem of relativistic theory is 
nevertheless restricted, because of the spontaneous formation of electron—positron 
pairs in sufficiently strong fields (see §835 and 36). 

We shall not deal in this book with the inclusion of an external field in the wave 
equations for particles with spin other than 3, since the topic has no immediate 
physical significance: actual particles having such spins are hadrons, and their 
electromagnetic interactions cannot be described by wave equations. 


PROBLEM 


Determine the electron energy levels in a constant magnetic field. | 

SOLUTION. The vector potential is A, = A: = 0, A, = Hx (the field H being along the z-axis). The 
components p,, p: of the generalized momentum (as well as the energy) are conserved. 

We use the second-order equation for the auxiliary function @ (see (32.8)), and assume that @ is an 
eigenfunction of the operator 2. (with eigenvalue o = +1) and of the operators py, p.. The equation for @ 
is 


2 
{~i2 + (eH = Dy.) - eHo} =(e°- m’— p2)d. 
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This equation is the same in form as Schrédinger’s equation for a linear oscillator. The eigenvalues of ¢ 
are given by 


e°—-m’—pi=|e|H(2n+1)-eHo, n=0,1,2,...; 


cf. QM, §112. The wave function w, which is to be determined from @ according to (32.8), is not an 
eigenfunction of the operator 2., in accordance with the fact that the spin is not conserved for a particle 
in motion. 


§33. Expansion in powers of I/cT 


We have seen in §21 that, in the non-relativistic limit (v > 0), 
two components (x) of the bispinor ys = (*’) vanish. 


Hence x <@ when the electron velocity is small. This leads to an approximate 
equation involving only the two-component quantity ¢, obtained by a formal 
expansion of the wave function in powers of 1/c. 

Dirac’s equation for an electron in an external field may be written 


eee {ca (6-£)+pmc?+eo}y, (33.1) 


The relativistic energy of the particle includes also its rest energy mc’. This must 
be excluded in arriving at the non-relativistic approximation, and we therefore 
replace w by a function w’ defined as follows: 


Ww ae yy’ ev imeth 


Then 
(it ral mc wy = {ca (p-£A)+ ame +edly’ 


Substituting wy’ = a: we obtain the equations 


" d ieee’ ° 7 _& J 
(it 5 eb)o co @ © A)x’, (33.2) 
° 0 2? , A é , 
(it ape eD + 2mc )x =co: (p-2a)¢ (33.3) 


The primes to @ and y will henceforth be omitted; this will cause no misunder- 
standing, since only the transformed function w’ is used in the present section. 


t In thts section, ordinary units are used. 
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In the first approximation, only the term 2mc’y is retained on the left-hand side 
of (33.3), which gives 


eee eee eZ 
ae (6 =A) ¢ (33.4) 


(thus y ~ ¢/c). Substitution of this in (33.2) gives 


(m2 -eoonsh(o-(o-£a)) 


For the Pauli matrices we have the relation 
(o9:-al(o:b)=a:‘bt+iao:aXxXb, (33.5) 


where a and b are arbitrary vectors (see (20.9)). In the present case, a=b= 
p ~ eA/c, but the vector product ab is not zero, since p and A do not commute: 


| (s-£4)x(p-£a)|o =i Stax d+ Vx Ale 
C Cc Cc 

_ ; eh 

=i curlA: ¢. 
Thus 


(7-(0-£s)) = (b-£a) -S oom as 


where H = curl A is the magnetic field, and for @ we obtain the equation 


OP gee fib fee oy eee 
in 5 = He =|5-(5 <A) teb-¢ H|6. (33.7) 


This is Pauli’s equation. It differs from the non-relativistic Schrddinger’s 
equation by the last term in the Hamiltonian, which has the form of the potential 
energy of a magnetic dipole in the external field (cf. QM, §111). Thus, in the first 
approximation (with respect to 1/c), the electron behaves as a particle having both 
a charge and a magnetic moment 


e 
ae hs. (33.8) 
The gyromagnetic ratio e/mc is twice its value for a magnetic moment due to 


orbital motion.t 


+ This remarkable result was first derived by P. A. M. Dirac in 1928. The two-component wave 
function satisfying equation (33.7) was introduced by W. Pauli (1927), before Dirac’s discovery of his 
equation. 
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The density p = w* = 6*¢+ y*x. The second term must be omitted in the first 
approximation, so that p =|d|’, as would be expected for Schrédinger’s equation. 
The current density is 


j=ch*an 


= c(d*oy + y*od). 


We substitute here, from (33.4), 


; € 
= amc ‘ o-(-inv-£a)o, 


i e 
k*-— __[; — *. 
x*= 5 (inv : A)¢ o 
and transform the products containing two factors o by means of (33.5) in the form 


(o-a)jo=atio Xa, o(g:a)=at+laxga. (33.9): 


The result is 
j= wt gve* — 6*V6)—-—— Ad*h +a curl (6*ad) (33.10) 
2m mc 2m ; : 


in agreement with the expression in the non-relativistic theory, QM (115.4). 

Let us now derivet the second approximation, continuing the expansion as far 
as terms of order 1/c’, and assuming that there is only an electric external field 
(A = 0). 

First, we note that, when terms ~ 1/c’ are included, the density is 


= 6? + Ix? = oP +z rs lo - Vol. 


This differs from the Schrodinger expression. In order to find (in the second 
approximation) the wave equation corresponding to Schrédinger’s equation, we 
must replace ¢ by another (two-component) function ds, for which the time- 
independent integral would be of the form f |ds.|* d*x, as it should be for 
Schrédinger’s equation. 

To obtain the required transformation, we write the condition 


| P8adsa a? x =| {oro+ po (Vh*¥ alo: ve)} d*x 


+t The method used here is due to V. B. Berestetskif and L. D. Landau (1949). 
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and integrate by parts: 
| we -o)(o- Vd) d’x =—- | h*(a -V\(ao- V)d d’x 
--| o*Agarx 


(or the same with @ and ¢* interchanged). Thus 
i 
| b&rdsna°x = [ [oo - (gtd + 66%) a's, 


whence it is evident that 


a2 


sen = (1 + gra)e, 6 = (1- ZF rs) bse (33.11) 


8m°c 


To simplify the notation we shall assume a Stationary state, replacing the 
operator ih a/at by the energy e (with the rest energy subtracted). In the next 
approximation after (33.4) we have from (33.3) 


l e—e® 


X= Fc! ~ Sag? Ko Be 


This is to be substituted in (33.2) and ¢@ then replaced by 5,4 according to (33.11), 
omitting all terms of higher order than l/c’. A simple calculation leads to an 
equation for ds, in the form edscn = Hdbsch, Where the Hamiltonian 1s 


a2 a 4 
H =P + eb- P+ salle - p)®(o - p) — 16° + P)}. 


8moc 
The expression in the braces is transformed by means of the formulae 


(o - p)®(a - p) = Dp’ + (ao: p®)(a - p) 
= @p’ + ih(o - E)(o - p), 
pd — Op? = — h’A® + 2ihE - p, 


where E = —V® is the electric field. The final expression for the Hamiltonian is 


a2 a4 2 
an _ __eh ~ en 
H am +e® aie ine o:-EXp Ree div E. (33.12) 


The last three terms are the required corrections of order 1/c’. The first of these 
three terms is due to the relativistic dependence of the kinetic energy on the 
momentum (the expansion of the difference cV(p’+m’c’)— mc’). The second, 
which may be called the spin-orbit interaction energy, is the energy of the 
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interaction of the moving magnetic moment with the electric field.+ The last is zero 
except at points where there are charges creating the external field (for instance, in 
the Coulomb field of a point charge Ze, A® = — 4mZe8(r)) (C. G. Darwin, 1928). 


If the electric field is centrally symmetric, then 


and the spin-orbit interaction operator can be put in the form 


eh .db hh dU. , 
dice 0" *P Ge Imtce de® tac 


where I is the orbital angular momentum operator, §=30 is the electron spin 
operator, and U = e® ts the potential energy of the electron in the field. 


§34. Fine structure of levels of the hydrogen atom 


Let us determine the relativistic corrections to the energy levels of the 
hydrogen atom—an electron in the Coulomb field of a fixed nucleus.¢ The velocity 
of the electron in the hydrogen atom is v/c ~ a <1. The required corrections can 
therefore be calculated by the use of perturbation theory, averaging over the 
unperturbed state (i.e. over the non-relativistic wave function) the relativistic terms 
in the approximate Hamiltonian (33.12). For somewhat greater generality we shall 
take the charge of the nucleus as Ze, assuming, however, that Za <1. 

The field of the nucleus is E= Zer/r°’, and its potential satisfies the equation 
A® = — 47Zed(r). Substituting this in the last three terms in (33.12) and using the 
fact that the electron charge is negative, we obtain the perturbation operator 


,  p Za +» ,, Zat 
V=— ge t at al - 8+ 55 5). (34.1) 


Since, according to the non-relativistic Schrédinger’s equation, 
: Z 
pw =2m G 2 a Ny 
(where e979 =—mZ’a?/2n’ is the unperturbed level and n the principal quantum 


+ With the magnetic moment (33.8) and the velocity v = p/m, this energy becomes —p- EX v/2c. At 
first sight this result may appear unlikely, because on changing to a frame of reference fixed to the 
particle there arises a magnetic field H = E x v/c, in which the energy of the magnetic moment should be. 
~p-+H. The occurrence of the factor } (the ‘Thomas half”; L. H. Thomas, 1926) is due to the general 
requirements of relativistic invariance together with the particular properties of the electron as a 
“spinor” particle with the corresponding value of the gyromagnetic ratio (see §41). 

¢ The effect of the motion of the nucleus on these corrections is a quantity of a higher order of 
smallness, which will not be considered here. 
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number), the mean value is 


This quantity, like the mean value of the second term in (34.1), is calculated by 
means of the formulae (see QM, $836) 


r= maZ/n’, 
r? = (maZ)'/n*(1+)), (34.2) 
r?=(maZy/n2l(l +4)(1 + 1), 


the last of which is valid if 14 0; the eigenvalue is 


I 


l-s=4jgG+1l—ld+1)-3]) if 10, 


I-s=0 if | =0. 


Finally, the third term is averaged by means of the formulae 


Zam 3/2 
n ‘ 


4) =7=( 


(34.3) 
(0) = 0, 10. 


The result of a simple calculation using the above formulae may be written for 
all cases (for all j and 1) as 


= - mar 1 -%) 
Ae = on? Wat an): (34.4) 


Formula (34.4) gives the required relativistic correction to the energy of the 
hydrogen levels; that is, it gives the fine-structure energy.f In the non-relativistic 
theory, there is both degeneracy with respect to spin direction and Coulomb 
degeneracy with respect to |. The fine structure (spin-orbit interaction) removes 
this degeneracy, but not completely: there remain levels with mutual double 
degeneracy, having the same n and j but different | =j+}. The levels with the 
maximum possible value for j for a given n, 


Jinan = Imax +3 =n —}, 
are then not degenerate. Thus the sequence of hydrogen levels, with allowance for 


+ This formula, and the more exact formula (36.10), were first derived by A. Sommerfeld from the 
old Bohr theory before the development of quantum mechanics. 
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the fine structure, is 


1s4)25 
251/25 2P 112, 2P 3/23 
38172, 3Pi2, 3P3j25 3d3/2, 3ds/25 


The level with principal quantum number n is split into n fine-structure com- 
ponents. 

In non-relativistic mechanics, the ‘“‘accidental’’ degeneracy of the energy levels 
in a Coulomb field is due to the existence of a conservation law peculiar to this 
field, relating to a quantity A whose operator is 


- 96 | eer ee 
A=~+> (xp p x 1); 

see QM, (36.30). This specific conservation law is also responsible for the twofold 
degeneracy which remains in the relativistic case: the Hamiltonian H = 


a: p+ Bm — e’/r of Dirac’s equation commutes with the operator 
pal. yal psig pv 
f=2-2+—— pce -i+1)y(A - mp) 


(M. H. Johnson and B. A. Lippmann, 1950). In the non-relativistic limit, [> - A. 

We shall see later (§123) that this remaining degeneracy is removed by “‘radia- 
tive corrections” (the Lamb shift), which are neglected in Dirac’s equation for the 
single-electron problem. 

To anticipate, it may be mentioned here that the order of magnitude of these 
corrections is mZ‘a’ log (1/a). The second-order spin-orbit interaction correction 
would be ~m(Za)°*, and the ratio of this to the radiative corrections is therefore 
~ Z’allog (1/a). For hydrogen (Z = 1), this ratio is certainly small, and the exact 
solution of Dirac’s equation is therefore of no significance in that case, but it may 
be significant as regards the electron energy levels in the field of a nucleus with 
large Z (§36). 


§35. Motion in a centrally symmetric field 


Let us now consider the motion of an electron in a centrally symmetric electric 
field. 

Since the angular momentum and the parity (relative to the centre of the field, 
which is taken as the origin) are conserved in a central field, the discussion in §24 
regarding spherical waves of free particles is entirely applicable to the angular 
dependence of the wave functions of such a motion; only the radial functions vary. 
Accordingly, we shall seek the wave function of the stationary states (in the 
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standard representation) in the form 


v=(¥)= ((- peorngenne Got) 


where | =j+4, l'=2j-—1, and the power of —1 is chosen for subsequent con- 
venience. 


Dirac’s equation in the standard representation yields the following equations 
for @ and yx: 


a, —-U = on : 
(e-m-—U)d=o ea (35.2) 


(e +m—U)x =a: pd, 
where U(r) = e®(r) is the potential energy of the electron in the field. The result of 
substituting the expressions (35.1) is calculated by evaluating the right-hand sides 


of these equations. 
Expressing the spherical harmonic spinor Qj, in terms of Qjm by 


Qirm =i" (o =) Om 
(see (24.8)), we can write 
(+ B)x = -i(6 - po +r) 2 Om. 


Now transforming the product (o- p)(o-r) by means of the formula (33.5), and 
expanding the vector operators, we have 


(0+ p)x = iPr tio PX 1} = Om 
= {-div r—(r-V)— ox p} 8 im 


’ Z 1 
= -{2 +igtha- 1} Om 


where 1=rXp is the orbital angular momentum operator; the prime denotes 
differentiation with respect to r. The eigenvalues of the product o- i=21-§ are 


21-s=jf'—-P-s’ 


=jj+I-Ul+-3 
={ j-1 if l=j-}, 
-j-3 ifl=j+) 


In order to be able to use the same formulae for both cases (Il =j +4), it is 
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convenient to write 


k=-(j+3)=-(1+1) for j=1+3, 
(35.3) 


=+(j+5)=! for j=1—-3. 


The number « takes all integral values except zero, the positive numbers cor- 
responding to the case j = | — 3, and the negative numbers to the case j =1+3. Then 
l-o@=—-(1+«), and 


: PP aa 
(o-p)x =- (2 +g) Om 


When this expression is substituted in the first equation (35.2), the spherical 
harmonic spinor ();, cancels from the two sides. Proceeding similarly with the 
second equation, we finally obtain the following equations for the radial functions: 


frit f—(e+m-U)g =0, 
(35.4) 


g++ gt (e-m-U)f =0, 


or 


Gia Gn (ec +m—U)gr=0, 
(35.5) 
(gr)! —— (gr) +(e —m — U)fr =0. 


Let us examine the behaviour of f and g at small distances, assuming that the 
field U(r) increases more rapidly than 1/r as r-0. Then, for small r, equations 
(35.4) become 


f'+ Ug =0, g'— Uf =0. 


These have real solutions, of the form 


f = constant x sin( | Udr+ 5), 
(35.6) 
g = constant x cos( | Udr+ a), 


where 6 is an arbitrary constant. These functions oscillate as r-0, but tend to no 
limit. It is easy to see that this situation corresponds, in the non-relativistic theory, 
to the “‘fall’’ of a particle to the centre. 

First of all, we note that the smallness of r here places no restrictions on the 
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choice of solution, since there is no condition at r =0 for the oscillatory function, 
and so the choice of 6 remains arbitrary (the correct behaviour of the wave 
function for large r can be ensured by an appropriate choice of 5, for any value of 
e). This indeterminacy can be eliminated by regarding the potential with a sin- 
gularity (at r=0) as the limit, when ro— 0, of a potential cut off at some ro, i.e. 
equal to U(r) for r>ro and U(r) for r< ro. With ro finite, we of course obtain a 
definite set of energy levels, but the energy of the ground state tends to —™ as 
ro 0. 

In the non-relativistic theory, this signifies a ‘‘fall’’ to the centre, since a particle 
at a deep level is localized in a small region near r = 0. In the relativistic theory, 
such a situation is impossible, since it would imply that the system was unstable 
with respect to the spontaneous generation of electron—positron pairs. For, whereas 
an energy exceeding 2m is needed to create such a pair in a vacuum, a smaller 
energy is sufficient in a field. In the presence of an electron bound state with energy 
€ <m, a pair can be formed by expending an energy e + m < 2m, the result being a 
free positron and an electron in a bound state. If, on the other hand, the bound 
state energy is e <—m, such a field can create positrons (with energy —e >m) 
spontaneously, without taking energy from an external source. In the field under 
consideration, as r—0, there is an infinity of such “anomalous” levels with 
e <—m. Thus fields whose potential ®(r) increases more rapidly than 1/r as r>0 
cannot be dealt with by means of Dirac’s theory. This applies to potentials of either 
sign. Although a “‘fall’’ can occur, of course, only with attraction, the sign of 
U =e® depends also on that of the charge, so that electron levels behave 
anomalously in one case and positron levels in the other; in the latter case, the field 
generates free electrons. 

Let us next consider the behaviour of the wave functions at large distances. If 
the field U(r) decreases sufficiently rapidly as r->~, it may be entirely neglected in 
the equations when determining the asymptotic form of the wave functions at large 
distances. When ce >™m, 1.e. in the continuous spectrum, we then return to the 
equation of free motion, so. that the asymptotic form of the wave functions 
(spherical waves) differs from that for a free particle only by the presence of 
additional ‘“‘phase shifts’, whose values are determined by the form of the field at 
short distances.t These shifts depend on the values of j and |; that is, on the 
number « defined above (and also, of course, on the energy e). Denoting the phase 
shifts by 6, and using the expresssion (24.7) for a free spherical wave, we can 
therefore immediately write down the required asymptotic formula: 


y~2 1 ( V(e + m)Qim sin (pr — zla + 8, ) (35.7) 
rV(2e)\—V(e — m)Qjrm Sin (pr —3l'm + 8,)/” 
or, with the definition (35.1), 
f\_M2 jez sin, 4 
ee a aera cos (pr —3lm + 6,), (35.8) 


+ Cf. QM, $33. As in the non-relativistic theory, U(r) must decrease more rapidly than l/r. The case 
U ~ I/r will be discussed separately in §36. 
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where p = V(e*—m?’). The common coefficient here corresponds to the nor- 
malization of the radial functions by (24.5). 


The wave functions of the discrete spectrum (e€ < m) decrease exponentially as 
r> 0: 


 ooeieg mits = Ao exp[—rV(m?- e’)], (35.9) 


m—E 


where Ap Is a constant. 

As in the non-relativistic theory, the phase shifts 6, (more precisely, the 
quantities e*" — 1) determine the scattering amplitudes in a given field, as will be 
further discussed in §37. We shall not pause to investigate here the analytical 
properties of these amplitudes (cf. QM, §128), but merely note than e” again has, 
as a function of energy, poles at the points corresponding to the levels for bound 
states of the particle. The residue of e7 at such a pole is related in a certain 
manner to the coefficient in the asymptotic expression for the corresponding wave 
function of the discrete spectrum. This relation may be found by a generalization 
of the non-relativistic formula, QM (128.17). The necessary calculations are 
entirely similar to those in QM, §128. 

Differentiation of equations (35.5) with respect to the energy gives 


d(rf)\, , « 9(7f) (rg) _ 
te ete er e 
d(rg)\,_ « 9(rg) A(rf) _ 
( d€ Ve r 0€ ve ae le 


We multiply these two equations by rg and —rf respectively, and the two equa- 
tions (35.5) by —rg and rf, and add all four term-by-term. After simplification, we 


have 
2 of 2¢¢2 2 
= + g°). 
ry G Ss ) rts) 
We now integrate with respect to r: 
P(g f_78 oa = freer dr, 


and take the limit as r-©, The integral on the right tends to unity, by the 
normalization condition. On the left-hand side, we use the fact that in the asymp- 
totic-region the functions f and g are related by 
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which is derived from (35.5) by neglecting terms in U and in 1/r. The result 1s 
Lf. dCf) _ (20), _ 
—— ml SUD — (ADV) = 1. (35.10) 


This formula differs only in the coefficient (e +m replacing 2m) from the 
corresponding non-relativistic formula (for the function y). There is therefore no 
need to repeat the subsequent calculations; the final formula, valid near the point 
€ = €) (where €p is the energy level), is 


2Aa Mm — Eo 


2i5 I 
ce Gael : 
( reas Mm + Eo 


(35.11) 


where Ag is the coefficient in the asymptotic expression (35.9). 


PROBLEM 


Find the limiting form of the wave function for small r ina field U~r*,s <1. 

SOLUTION. For a free particle we have, when r is small, f ~r', g~r', so that f >g if |<’, and 
f <g if |>I'. We make the assumption (which is confirmed by the result) that this relationship exists 
also in the field considered here. If | <I' (i.e. |! = j —3, « = —l—1), the term in g may be omitted from the 


{4+t-s 


first equation (35.4), so that f ~r' as before. The second equation then gives g ~ rfU, i.e. g~r = 
r' ’. The case | >I’ is treated similarly. The result is 


for <I’, fr~r,  en~r'; 


for 1 >U, frrS, genx’. 


§ 36. Motion in a Coulomb field 


We shall begin the study of the properties of the motion in the very important 
case of a Coulomb field by considering the behaviour of the wave functions at 
short distances, taking the particular case of an attractive field: U = —Za/r.t 

For small r, the terms in e +m may be omitted in equations (35.5), leaving 


(fry +* fr- gr =0, 
/_ KG Za, 
(gr) Pi ise aac fr=0. 


The two functions fr and gr appear in an equivalent manner in these equations, and 
we therefore seek them as equal powers of r: fr = ar’, gr = br’. Substitution gives 


a(y + x)— bZa =0, aZa + b(y— x) =0, 
whence 


*=x?—(Za)’. (36.1) 


+ In ordinary units, U = — Ze’/r. In relativistic units, e* is replaced by the dimensionless quantity a. 
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Let (Za)’<«’*. Then y is real, and the positive value must be taken: the 
corresponding solution either does not diverge at r = 0 or does so less rapidly than 
the other. The choice may be justified by considering a potential which ts “cut off” 
(see §35) at a certain small ro and then taking the limit r—- 0; cf. the analogous 
discussion in QM, §35. Thus 


f= cas g =constant Xr '*”, | 
me (36.2) 


y= V(x? = Za’) = Vij +)? Za" 


Although the wave function may become infinite at r=0 (if y < 1), the integral of 
|w|? remains finite, of course. 

If (Za) > «’, both values of y given by (36.2) are imaginary. The corresponding 
solutions oscillate as r7'cos(|y| log r) when r—0, and this again corresponds to a 
situation which is inadmissible in the relativistic theory, as already shown above. 
Since x’=1, this means that a purely Coulomb field can be discussed in Dirac’s 
theory only if Za <1,1.e. Z < 137. 

Let us now give a qualitative description of the situation which arises when 
Z > 137. In order to avoid an indeterminacy in the boundary condition at r=0, we 
must again consider a potential cut off at a distance ro (I. Ya. Pomeranchuk and Ya. 
A. Smorodinskii, 1945). This has a direct physical significance as well as a formal 
one. The charge Z > 137 can in practice be concentrated only into a “superheavy” 
nucleus of finite radius. Let us therefore see how the configuration of levels varies 
as Z increases for a given Io. 

In the Coulomb field when not cut off, the energy ¢, of the lowest level tends to 
zero when Za = |, and the e,(Z) curve terminates, the level ¢, becoming imaginary 
for Za > 1; see (36.10) below. In the cut-off field, for a given ry #0, the level e, 
passes through zero only for some Za>1. The value ¢«,=0 has no physical 
distinctiveness, and when ry) #0 it also has no formal distinctiveness, the ¢,(Z) 
curve not terminating there. When Z increases further, the levels continue to 
descend, and -at a certain ‘‘critical’’ value Z = Z,(ro) the energy ce, reaches the 
bottom (—m) of the lowest continuum of levels. As explained in §35, this means 
that zero energy is required for the creation of a free positron. The critical value Z, 
is therefore the maximum charge that the “‘bare’’ nucleus can have for a given /o. 

When Z > Z,, the level ¢€,;<—m, and the formation of two electron—positron 
pairs becomes energetically favourable. The positrons go to infinity, carrying 
kinetic energy 2({e,|— m), and the two electrons occupy the level e,. This gives an 
“ion” with an occupied K shell and a charge Z.q = Z — 2 (S. S. Gershtein and Ya. 
B. Zel'dovich, 1969). The system is stable for Z > Z,, up to values of Z for which 
the limit —m reaches the next level. 

Lastly, it may be noted that, even for a point charge, the form of the potential at 
short distances is affected by radiative corrections, but the resulting corrections to 
Z.a are only of the order of a. 


+ For example, if the nuclear charge is uniformly distributed in a sphere with radius ro= 
1.2x 10°" cm, the critical value Z. = 170, and the next level reaches the limit —m when Z = 185 (V. S. 
Popov, 1970). A detailed account of the quantitative theory is in the review article by Ya. B. Zel’dovich 
and V. S. Popov, Soviet Physics Uspekhi 14, 673, 1972. 
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Let us now turn to the exact solution of the wave equation (C. G. Darwin, 1928; 
W. Gordon, 1928). 
(a) Discrete spectrum (e <m). We seek the functions f and g in the form 


f=Vim+te) ep’ (Q, + Q), 


(36.3) 
—V(m — €) ep (Qi — Q:), 


with the notation 


p=2aAr, A=V(m'-22,  y=V(k?—Z?a?). (36.4) 


This is reasonable, since we already know the behaviour of the functions as p>0 
(36.2) and their exponential decrease (~e “2) as p>, Since, as p>®, the func- 
tions f and g must have the same asymptotic behaviour, we must expect that 
Q,>Q2 as p>. 

Substitution of (36.3) in (35.4) yields the equations 


p(Qi+ Qs) +(y + «(Qi + Q)— PQ: + Za =! (Q,- Q)=0, 


mte 


p(Q1 — Q2)' + (y — K)(Qi — Q2) + pQ2 - Za 


where the prime denotes differentiation with respect to p. The sum and difference 
of these give 


(36.5) 


or, eliminating either Q, or Q:, 


pQi+ y +1-p)Qi-(y-22£)ai=0, 


pQt+ (2y + 1- p)Q- (y+ 1-222 )Q, =0, 


where we have used the fact that y?—(Zae/A)’ = x?-—(Zam/A)’. The solution of 
these equations which is finite when p = 0 is 


Q:= AF(y- 22, dy +1, p), 
(36.6) 
Q:= BF(y+1-25, 2y+1,), 
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where F(a, B, z) is the confluent hypergeometric function. Putting p = 0 in either of 
the equations (36.5), we obtain the relation between the constants A and B: 


_ y— Zaela 
= Zamin A. (36.7) 


B= 

The two hypergeometric functions in (36.6) must reduce to polynomials, since 
otherwise they would increase as e* when p—~, and the wave function itself 
would increase as e”*. The function F(a, B, z) reduces to a polynomial if @ 1s a 
negative integer or zero. We write 


y — Zae/X = —N,. (36.8) 


If n,=1,2,..., the two hypergeometric functions reduce to polynomials. If n, = 0, 
only one of them does so. In that case, y = Zae/A, and Zam/A = |x|, as is easily 
verified. If k <0, the coefficient B (36.7) is zero, so that Q, =90 and the necessary 
condition is satisfied. If x >0, however, then B = —A, and Q, remains divergent 
when n, = 0. Thus the following values are possible for the quantum number n,: 


(36.9) 


n,=0,1,2,... for « <0, 
=1,2,3,... forx>0. 


The definition (36.8) then yields the following expression for the discrete energy 
levels: 


) 7 
aa ta eae : (36.10) 
In particular, the energy of the 153 ground level (|k| = 1, n, = 0) is 
ey = mV(1—(Za)’]. 
For Za <1, the leading terms in the expansion of (36.10) are 


_ 1,2 ___ (Za) (Za) fl 3 
= Aa aresalr Warm f 


3 | 


On writing n,+|«x|=n (=1,2,...) and noting that |x| =j+4, we return to formula 
(34.4), which was previously derived by means of perturbation theory. As already 
mentioned at the end of §34, the further terms in this expansion have no 
significance, since they are certainly exceeded by the radiative corrections. For- 
mula (36.10) as it stands, however, is meaningful when Za~1. The double 
degeneracy of the levels shown by the approximate formula (34.4) exists also in the 
exact formula, which involves only |x|, so that levels with the same j and different | 
again coincide. 

We have still to determine the common normalization factor A in the wave 
function. The wave function of the discrete spectrum must, as usual, be normalized 
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by the condition f |p|? d°x = 1; the corresponding condition on the functions f and g 
1S 


| (f? + gr? dr = 1. 
0 


The value of A is most simply determined from the asymptotic form of the 
functions as r+. Using the asymptotic formula 


r2y + 1) 


F(—n,,2y +1, p) = Tin, +2y+I 


(see QM, (d. 14)), we find 


f=(-)l”AV(m + mee a) e(2Ar)v"rt, 


n,+2y +1) 


Comparing this with (36.22) derived below, we can find A. Collecting together the 
formulae, we can write out in full the final expressions for the normalized wave 
functions: 


+(2,)°? (m+e)P(2y +n, +1) 


§.8= F094 41)|4m(Zamla)(Zamld — x). =] (2aryr" er" x 


x { (= a « )F(- i, 29 SEL, 2ary|, (36.11) 


where the upper signs refer to f and the lower signs to g. 

(b) Continuous spectrum (€ >m). There is no need to solve the wave equation 
afresh for the states of the continuous spectrum. The wave functions for this case 
are obtained from those of the discrete spectrum by the substitutionst 


V(m — e)2>—-iV(e —m), A —>—ip, —n,—> y —iZaelp: (36.12) 


see QM, §128 concerning the choice of sign in the analytical continuation of the 
square root V(m — ce). The normalization of the functions must, however, be done 
again. 

Making these substitutions in (36.11), we may write 


f=V(et+m) 


' p,ipr y-1 


x [e“F(y — iv, 2y + 1, —2ipr) =e “F(y + 1—iv, 2y +1, —2ipr)], 


+ In the rest of this section, p denotes |p| = V(e"— m’). 
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where A’ is another normalization constant, 


y=Zoclp, e% =—t— oe 


the value of € is real, since y?+(Zae/p)* = k’>+(Zam/p)’. 
According to the formula 


F(a, B, z) = e’F(B — a, B, —2Z) 
(see QM, (d. 10)), we have 
F(y +1-—iv, 2y +1, —2ipr) = e-?”"F(y + iv, 2y + 1, 2ipr) 
= e@ PE *(y — ip, 2y + 1, —2ipr). 
Hence 
f,g =2iA'’V(e + m)(2pr)”"' im, re{e'?"* 9 F(y — iv, 2y +1, —2ipr)}. (36.14) 


The normalization coefficient A’ is found by comparing the asymptotic expression 
for this function with the general formula (35.7) for a normalized spherical wave. The 
resulting expression for the wave functions of the continuous spectrum (which we 
shall afterwards verify) ist 


_n3xo.f/mte [Cy + 1+ iv)| (2pr)’ 
fig=2 J 2 ©  TOse FC 

x im, re{e'?"*9 F(-y — iv, 2y + 1, —2ipr)}. (36.15) 
The asymptotic expression for this function is derived by means of QM (d. 14), 


where only the first term is now significant, the second decreasing as a higher 
power of 1/r: 


fig= v2 Je — sin, cos(pr + 8, + v log 2pr — 37), (36.16) 
where 
6, = €-argF(y+1+iv)—say +4, (36.17) 
or 
pvt, — K ivm/e T(y +1 — iv) gintI-9) (36.18) 


y—-iv V(yt+1+ir) 
For future reference, we shall give an expression for the phase in the ultra- 


+t The wave functions for a repulsive field are obtained by changing the sign of Za, i.e. that of v. 
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relativistic case (e > m, v ~ Za): 


va, - Ky + I~ iZe) 
~ y-iZaT(y+1+iZa) 


eo, (36.19) 


The expression (36.16) differs from (35.8) only by the logarithmic term in the 
argument of the trigonometric function. As in Schrédinger’s equation, the slowness 
of the decrease of the Coulomb potential affects the phase of the wave, which 
becomes a slowly varying function of r. 

Analytical continuation into the region « <m gives, in place of (36.18), 


ris, _ K ~ Zam/d T(y + 1 — Zae/d) gint-y) 
: y —ZaelA T(y +14 Zae|r) © « ey) 
This expression has poles at the points where y+ 1— Zae/A =1-—n,, n, =1,2,... 
(poles of the gamma function in the numerator), and also at the point y — Zae = 
—n, = 0 (if also «x <0); these points coincide with the discrete energy levels, as they 
should. 
Near any of the poles with n,# 0, we have 


F Zam/\ — x) e'™"- 
e7. x Vay th + 1— Zae/X). 


The form of the gamma function near its pole is found by means of the familiar 
formula F'(z)I'(1 — z) = a/sin 2z: 


ZQae T 
r(y i d ae) = ['(n,) sin (y + 1—- Zae/A)’ 


, = d (Zae 
sin m(y + 1 — Zae/A) ~ 7 COS 7H, de (=28 


= (-1)"(aZam’/A°*\(e — £0), 


)-(e-e0) 


where €p is the energy level. Thus we havet 


e'"%(Zam/[A —«) 2d? ] 


er mx (- 1)" a ; 
n,'TQy+1+n,) Zam’ € — eo 


(36.21) 


At the end of §35 a formula (35.11) was derived which relates the residue of the 
function e?* at its pole to the coefficient in the asymptotic expression for the wave 
function of the corresponding bound state. For a Coulomb field, however, the 
formula (35.10) must be slightly modified, because the constant phase shift 6, in 
(35.7) is replaced in (36.16) by the sum 6, +v log 2pr. We must therefore replace 
e”'* on the left-hand side of (35.11) by 


exp(2i5, + 2iv log 2pr) > e7(2iAr)""*”, 


+t This formula is easily seen to be valid even if n, = 0. 
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Using (36.21) and determining from (35.11) the coefficient Ay (which will now be a 
power function of r), we find the asymptotic form of the normalized wave function 
of the discrete spectrum: 


; —Ar 
| (2vry*7 = (36.22) 


re (Zam/A — x)\(m + €)A? 
2n,'Zam’T(2y + 14+ 7,) 


This has already been used to determine the coefficient in (36.11). 


§37. Scattering in a centrally symmetric field 


The asymptotic expression for the wave function which describes the scattering 
of particles in the field of a fixed centre of force may be writtent | 


eiPr 


Ww oa Urp en as U ep’ (37.1) 


Here u,, is the bispinor amplitude of the incident plane wave. The bispinor u(y is a 
function of the direction of scattering n’, and for any given value of n’ its form (but 
not, of course, its normalization) is the same as that of the bispinor amplitude of 
the plane wave propagated in the direction n’. 

We have seen in §24 that the bispinor amplitude of the plane wave is entirely 
determined by specifying a two-component quantity, the three-dimensional spinor w, 
which is the non-relativistic wave function in the rest frame of the particle. The flux 
density is expressed in terms of the same spinor, and is proportional to w*w, with a 
proportionality coefficient which depends only on the energy e and is therefore the 
same for the incident and scattered particles. The scattering cross-section is 
do = (w'*w'/w*w) do or, if as in §24 the incident wave is normalized by the condition 
w*w = 1, 


da = w'*w’ do. 
We define the scattering operator f by 
w’ = fw. (37.2) 


Since the quantities w, w’ have two components, the operator thus defined is 
exactly analogous to the operator scattering amplitude which appears in the 
non-relativistic scattering theory taking account of spin (QM, §140). We can 
therefore apply immediately the formulae derived there which express the operator 
in terms of the phase shifts of the wave functions in the scattering field. It is only 
necessary to transform these phase shifts by expressing 5; and 6; from QM, §140, 
in terms of the phase shift 6, which appears in the relativistic formula (35.7). The 
phases 5; and 6, referred to states with orbital angular momentum | and total 


+ In §§37 and 38 p denotes |p|, and ec and p will be wriiten separately as suffixes to the amplitude. 
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angular momentum j =|+4 and j =! —}. According to the definition (35.3), « = 
—1- 1 for j=1+4 and « =I for j =1—3. We must therefore make the changes 


8; > b-as+n, 5; > 6 


and remember that the suffix to 6 now represents the value of «. Thus we find 


f=A+Bv-a, (37.3) 
A= >> [((l + 1)(e7®-! — 1) + 1(e? — 1)]P,(cos 6), (37.4) 
B= 5p > (e7'-1-1 — et) P l(cos 8), (37.5) 


where v is a unit vector in the direction of n Xn’. 
Since w is the spinor wave function in the rest frame, the polarization proper- 
ties of the scattering are given in terms of f by the same formulae as in QM, §140. 
For a Coulomb field, it is possible to express both functions A(6) and By in 
terms of one function. The calculation is briefly as follows.f 


In a Coulomb field, the phases 5, are given by (36.18), which we write in the 
form 


.Ze’m\ « 
@ 75x = -(« aa l <n) 7 1 C,,; 


K 
a (37.6) 
C= __Tty—i») eintx|-y). 
‘ (y + 1+ iv) : 
e'" = e'™ when x >0, and e'” = —e'™ when x <0. Using the quantities thus defined 
we can put the series (37.4), (37.5) in the form 
Ze*m 
A(@) = = or 5 (8) —1 an te F(@), 
(37.7) 
B(6) = -Stan}6- G(0) + ZF cot @ - F(@), 
where 
G(6) =3i p> -C\(P, + Pi-1), F(6) =3i p> IC\(P, — Pi-1). (37.8) 


In transforming the series B(6), we have used the following recurrence relations 
between Legendre polynomials: 
Pi+Pl, = —cot/6 - ICP, — P.-1), (37.9) 
P!—P!,=tanie : [(P, + P;_,). (37.10) 
t R. L. Gluckstern and S. R. Lin, Journal of Mathematical Physics 5, 1594, 1964. | 
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According to the identity 


d 
(1+ cos 6) Wesco [Pi(cos 6) — P,_\(cos 6)] = I[P,)(cos 6) + P,_,(cos 6)], 
(37.11) 
the functions F(6) and G(@) are related by 
Se, dF , dF 
G =(1-—cos @) cee cot 30 Tk (37.12) 


Thus A(@) and B(@) are expressed in terms of the single function F(6).f 


§ 38. Scattering in the ultra-relativistic case 
We shall now discuss separately the scattering in the ultra-relativistic case 


(ec >m). In the first approximation, we neglect altogether the mass m in the wave 
equation. It is convenient to use for w the spinor representation 


since the equations for € and 7 are separable when m = 0: 


-io V&é=(e—- UD), 
—-io :-Vn=—-(e—-—U)y 


(38.1) 


(the ‘“‘neutrino”’ form, §30). 
A helicity state of an electron polarized in the direction of p corresponds to 


5), and for polarization opposite to p we have # = (;) 


a wave function w = ( 
Since the equations for € and y are separable, it is evident that this property is 
unaffected by scattering. Thus helicity is conserved in the scattering of ultra- 
relativistic electrons. From considerations of symmetry (longitudinal polarization) 
it is obvious that there is no azimuthal asymmetry in the scattering of helical 
(longitudinally polarized) particles. We can also say that the scattering cross- 
section of helical electrons is independent of the sign of the helicity; this follows 
because a central field is invariant under inversion, while the sign of the helicity is 
reversed. 

In the ultra-relativistic case, formulae (37.3)-(37.5) may be considerably sim- 
plified (D. R. Yennie, D. G. Ravenhall and R. N. Wilson, 1954). 


+ The function F(@) cannot be expressed in a closed form in terms of the elementary functions, but 
it can be written as a certain double integral; see the paper cited in the last footnote. 
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Let the incident electron be polarized, say in the direction of motion n. For a 
plane wave with a definite value of n:-o, the spinor é (=(@ + x)/V2) Is propor- 
tional to the same three-dimensional spinor w as appeared in the standard 
representation of the wave. The relation between the spinor amplitudes of the 
incident and scattered waves in the new representation is therefore given by the 
same operator f. 

As a result of the scattering, the polarization 1s rotated with the momentum to 
the direction n’. The effect of the operator f on the spin wave function of the 
electron therefore reduces to a rotation of the spin through the angle 6 (between n 
and n’) about the axis v. This rotation 1s itself equivalent to a rotation of the 
coordinates about that axis but in the opposite direction, i.e. through an angle — 0. 
Hence it follows that the operator f must be the same (apart from a factor) as the 
operator which transforms the wave function when the coordinates are changed in 
the way described, i.e. the operator (18.17) with ~—@ instead of 6. A comparison of 
(37.3) with (18.17) shows that 


B/A = —i tan 30. (38.2) 

Thus, in the ultra-relativistic limit, 
f = A(@)[1—itan}6-v-o}. (38.3) 
The expression (37.4) for A(@) can also be simplified if a relation between 56, 
and 8_, which exists in the ultra-relativistic limit is used. To derive this relation, we 


note that, when the terms in_m are omitted, the equations (35.4) for the functions f 
and g become invariant with respect to the changes 


K > —K, fg, Seas 


which do not affect the parameters of the particle or field itself. We must therefore 
have f,/g, = —g-./f-., and substitution of the asymptotic expressions gives 


tan(pr —3l7 + 6,) = —cot(pr —3l'm + 8_,), 


5. = 6, — x — lar +(n +), 
whence 
ee a et, (38.4) 


From this relation, and replacing the summation variable | by | — 1 in the first term 
of the sum in (37.4), we find 


A(6) = > I(e”"" — 1)][Pi(cos 6) + P)_-(cos 6)). (38.5) 


From (38.2) it follows that re(AB*)=0. Hence, in the approximation con- 
sidered, the cross-section 1s independent of the initial polarization of the particles, 
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and an unpolarized beam remains unpolarized after scattering (see QM, (140.8) 
(140.10)). We may also note that, when 6 — 7, the expression (38.5) for A(@) tends 
to zero as (7 — 6)? (since P,(—1) = (~1)'). The cross-section 


a = |Al?+|B? = |A(0)|?/cos? 56 (38.6) 


therefore tends to zero also. These properties do not occur, of course, in higher 
approximations with respect to the small quantity m/e. In particular, analysis shows 
that as @ > 7 the cross-section tends to a limit proportional to (m/e). 

For a Coulomb field in the ultra-relativistic case, the phases 6, are independent 
of the energy, as is seen from (36.19).f Hence, in a purely Coulomb field, the 
scattering cross-section for « >m has the form 


dies mm do, (38.7) 


where 7 is a function of the angle only. 


§39. The continuous-spectrum wave functions for 
scattering in a Coulomb field 


In later sections (§§95, 96) we shall consider various inelastic processes which 
occur when ultra-relativistic electrons are scattered in the field of a heavy nucleus 
(Za ~ 1). To calculate the relevant matrix elements, we need wave functions whose 
asymptotic form (as r—%) is the sum of a plane wave and a spherical wave. 

We shall see that, in the ultra-relativistic case (electron energy c« > m), the most 
significant values of the momentum transfer from electron to nucleus in scattering 
are q =|p’— p|~ m. These values of q correspond to impact parameters p ~ I/q ~ 
1/m, the electron being deflected through anglest 


6~q/lp~ mle. (39.1) 


In terms of the coordinates r (distance from the centre) and z=rcos 60, this 
represents the region 


p =rsin 6 ~ 1/m, p(r— z) = pr(1—cos 6) ~ 1, (39.2) 


and r ~ e/m’, so that the distances concerned are large. 
We write Dirac’s equation in the form 


(e« -U-—mB +ia: V)p =0, U = -Zalr, (39.3) 


and transform it into a second-order equation by applying the operator « -U + 


+ This is also evident directly from. equations (38.1), since for a Coulomb field the energy « may be 
eliminated from the equations by the substitution r—>r'/e. 
# In this section, p denotes |p|. 
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mB —ia:V: 
(A+ p?—2eU)b = (-ia- VU — U*)yp. (39.4) 


Since r > Za/e in the region considered, U <e. As a first approximation, the 
right-hand side of (39.4) may be neglected. The remaining equation, 


(A + p’?+ 2eZa/r)y = 0, (39.5) 


is of the same form as the non-relativistic Schrdédinger’s equation in a Coulomb 
field: 
1 


2 
Ne eng Pos <a) = 
(5-A+2 + oy =0, (39.5a) 


differing only in an obvious change in the notation for the parameters (the 
‘potential energy” containing an extra factor e/m). We can therefore write down 
immediately the solution which has the required asymptotic form (see QM, §136). 

For example, the wave function which asymptotically comprises a plane wave 
(«x e'®’') and an outgoing spherical wave is 


iZQe 


u, Fee aa! 1, i(pr-p-r)) 


(2e) 
C = e721 (1 — iZaelp), 


Pep =C 
(39.6) 


where F is the confluent hypergeometric function and u,, the constant bispinor 
amplitude of the plane wave, normalized by the condition stated earlier (23.4): 


ii-pUep = 2m. (39.7) 


The wave function (39.6) is normalized in such a way that the plane wave in its 
asymptotic limit has the usual form, 


u ; 
€ e'Pr 
V(2e) 
corresponding to “‘one particle in unit volume’’. Since p =~ « in the ultra-relativistic 


case, we can write Zae/p ~ Za in (39.6): 


U, 
(2€) 


C= e”"T(1 — iZa). 


p= C e'’''F(iZa, 1, i(pr—p-r)), 


(39.8) 


It should be noted that, although we are considering distances so large that 
pr > 1, the hypergeometric function in (39.8) cannot be replaced by its asymptotic 
form: the argument of F is not pr but pr(1—cos @), which is not assumed large.t 


t In QM, §135, we were concerned with arbitrarily large r, and this approximation was therefore 
allowable for all values of 6. 
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In applications, the next approximation for & is also needed, which has a spinor 
Structure different from (39.8) (the latter reducing to the factor u,,). To calculate 
this approximation, we write w in the form 


= C ip-r 

W = Vite) ° (u.pF + >). 
On the right-hand side of (39.4) we now retain the term linear in U, obtaining for ¢ 
the equation 

(A +2ip:-V—2eU)p = —iu,pa > VU. (39.9) 

The solution of this may be found by noticing that the function F satisfies the 
equation 

(A +2ip:-V—2eU)F =0, 
as may be seen by substituting (39.6) in (39.5). Applying the operator V to this 
equation, we obtain 


(A +2ip-V—2eU)VF =2eFVU. 


A comparison with (39.9) shows that 
i 
d= Fe (a: V)uepF. 


The final expressions for yw“ and for a similar function w‘? whose asymptotic 
form contains an ingoing spherical wave are 


+ C ip-r i 1 
We = Tagen (laze a V)FliZa 1, i(Pr— p> Dlen 


* : 
wv = a er = ae O° V)F(-iZa, 1,-—i(pr+p-r))up,, 


(39.10) 


C = eT) — iZa) 


(W. H. Furry, 1934). We shall also write out the corresponding functions (w-,,-») 
with ‘negative frequency’, which are needed when dealing with processes which 
involve positrons. These can be derived from the functions w,, by the substitutions 
p—-—p, ¢->-—e, with p = |p| unchanged; the parameter iZa of the hypergeometric 
function therefore changes sign, as will be seen from the original expression (39.6), 
where this parameter occurs in the form iZae/p. Thus we have 


CL i : ; 
(+) — ip:r — e — e 
Wr e-p (Qe) ° (1 +57 v)F( iZa, 1,i(pr+p-:r))u-.,-p; 


: CH rj . . (39.11) 
= Ta5e" (1+ 5-0 V)F(iZa, 1,—i(pr— p+ 8))ie-» 


C=e *@"T(1+ iZa). 
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The following comment is necessary regarding the above calculations. Our 
asymptotic condition is not in itself sufficient to provide a unique choice of the 
solution of the wave equation; this is clear, since we can always add to W any 
outgoing Coulomb spherical wave without violating the condition. By writing the 
solution of equation (39.5) in the form (39.6), we have tacitly presupposed the 
choice of a solution finite at r= 0. This requirement was necessary in QM, §§135, 
136, where we were considering solutions, valid in all space, of the exact 
Schrédinger’s equation.t In the present case, however, equation (39.5) applies only 
to large distances, and therefore the choice of solution demands further 
justification. 

This is provided by the fact that large impact parameters p = r sin @ correspond 
to large orbital angular momenta | and small scattering angles 6: when p ~ 1/m, we 
have 


l~ pp ~ pe ~ e/m > 1, 
and the angle 6 may be estimated by a quasi-classical procedure: 


~1 fav 4,  U@e_ m2, 
pJj dr p € 


) 
Thus, in the expansion of & in terms of spherical waves the main contribution (in 
this range of r and @) will come from waves with these large values of I. But a 
spherical wave with large | will certainly decrease to small values at distances from 
the origin r <l/e which are “‘classically inaccessible’ (because of the centrifugal 
barrier). Hence, if we ‘“‘join” the solution of equation (39.5) to that of the exact 
equation (39.4) at short distances r~r,, where l/e >r, > Za/e, then the boundary 
condition for the solution of equation (39.5) will be that it is small, and this justifies 
our choice. 


PROBLEM 


For an attractive Coulomb field with Za <1, find the correction (of relative order Za) to the 
non-relativistic wave function of the discrete spectrum. 

SOLUTION. The electron velocity in a bound state is v ~ Za, and therefore, for Za <1, the wave 
function is non-relativistic in the zero-order approximation, i.e. 


yy =U Wnon-r 


where Wron-r is the Schrodinger function and u a bispinor of the form 


-(3) 


with w a spinor describing the polarization state of the electron. In the next approximation, we write 
wb = Uno + W and, substituting this in (39.4), obtain for y” the equation 


a Za 0 21 52 ( *): 
(5 A len| + = w =I am Vv r (au) Wnon-r, 


t In the method of solution given in QM, §135, this condition was satisfied by taking the particular 
integral in the form (135.1) instead of as a general sum of integrals with different values of B; and B2. 
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where e, 1s the non-relativistic discrete energy level. Here we have omitted terms of relative order 
~(Za)*; in the non-relativistic case, the important distances are of the order of the Bohr radius, 
r~ 1/mZa. The solution of this equation is w°' = — (i/2m)au - Von, and therefore 


ee (1 Z a oe ¥ ) un 


§40. An electron in the field of an electromagnetic plane 
Wave 


Dirac’s equation can be solved exactly for an electron moving in the field of an 
electromagnetic plane wave (D. M. Volkov, 1937). 

The field of a plane wave with wave 4-vector k (k?=0) depends on the 
4-coordinates only in the combination ¢@ = kx, so that the 4-potential is 


A’ = A*(6), (40.1) 
and satisfies the Lorentz gauge condition 
d,A* =k,A*'=0, 


the prime denoting differentiation with respect to d. Since the constant term in A is 
unimportant, we can omit the prime, writing the condition as 


kA =0. (40.2) 
We start from the second-order equation (32.6), in which the field tensor is 
| oat or, ees 7. (40.3) 


When expanding the square (id — eA)’ it must be remembered that, from (40.2), 
0, (A*w) = A*d,W. The result is 


[—a?— 2ie(Ad) + e?A*— m’ — ie(yk)(yA')]b = 0, (40.4) 


where 07 = 0,0". 
We seek a solution of this equation in the form 


=e "F(d), (40.5) 


where p is a constant 4-vector. This form of the function w is unaltered by adding 
to p any constant multiple of the vector k, if the function F(@) is appropriately 
redefined. We can therefore, without loss of generality, impose one further con- 
dition on p. Let 


p> =m’, (40.6) 


Then, when the field is removed, the quantum numbers p’ become the components 
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of the free particle 4-momentum. The significance of the components of the 
4-vector p, when the field is present, is more clearly seen in a particular frame of 
reference chosen so that Ay = 0. Let the vector A in this frame be along the x'-axis 
and k along the x’-axis; the electric field of the wave is then along x', the magnetic 
field along x’, and the wave itself is propagated along x°. Then (40.5) will be an 
eigenfunction of the operators 


with eigenvalues pi, P2, Po—p3; the operators themselves are easily seen to 
commute with the Hamiltonian of Dirac’s equation. Thus, in this frame of 
reference, p' and p’ are the components of the generalized momentum along the x' 
and x’ axes; p’—p° is the difference between the total energy and the x’- 
component of the generalized momentum. 

In substituting (40.5) in (40.4), we note that 


a*F=k*F', 0,0*F =k’F"=0, 
and obtain for F(d) the equation 
2i(kp)F’ + [+2e(pA) + e°A’— ie(yk)\(yA)]F = 0. 


The integral of this equation ts 


pe exp|—i Lea u 


se syle, 2 
cep (P) kp) 4°] 40 + 2(kp)  $ V@po)’ 


OMe, 2 


where u/V(2po) is an arbitrary constant bispinor; the reason for writing it in this 
form will be shown below. 


All powers of (yk)(yA) above the first are zero, since 
(yk )(-yA)(yk)(-yA) = — (vk )(yk)(-yA)(yA) + 2(KA)(yk)(yA) = —k?A? = 0. 


We can therefore write 


e(yk)(yA) _ e 


so that & becomes 


u is 


_ e 
bo = [1+ aco (EAD | GS es. (40.7) 
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iis J Lae PA) 3G Tip) 4 | a. ee 


To determine the conditions to be imposed on the constant bispinor u, we must 
suppose that the wave is “‘switched on” with infinite slowness, starting from 
t=—«, Then AO when kx >-&<, and Ww must become the solution of the free 
Dirac’s equation. Consequently, u = u(p) must satisfy 


(yp —m)u = 0. (40.9) 


This condition rejects the “‘redundant”’ solutions of the second-order equation. 
Since u is independent of time, the condition remains valid for finite kx. Thus u(p) 
is the same as the bispinor amplitude of the free plane wave; we shall take it to be 
normalized by the same condition (23.4): au = 2m. 

The foregoing arguments also show immediately the normalization of the wave 
functions (40.7). The infinitely slow application of the field does not alter the 
normalization integral. Hence it follows that the functions (40.7) satisfy the same 
normalization condition, 


| Wiu, d°x = { 5 ued Ba Oa) oa): (40.10) 


as the free plane waves. 
Let us calculate the current density corresponding to the functions (40.7), first 
noting that 


__eu ae aoe iS 
by = Toap|! + ace AIH Je 


and hence obtaining by direct multiplication 


it = dovtly = L{pe - ear + ar (PA_ oA) (40.11) 


If the A*(@) are periodic functions, and their time-average value is zero, the mean 
value of the current density is 


rae re ry 
=—-(p" kp) 4 kr), (40.12) 


We can also find the kinetic momentum density in the state w,. The kinetic 


+ This S is the same as the classical action for a particle moving in the field of a wave; cf. Fields, 
§47, Problem 2. 
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momentum operator is the difference p —- eA =id — eA. A direct calculation gives 


Up (p* — eA*)h, = boy (p" — eA") 


A) eA’ 
= pr — ear + ee (PAD 2A) 4 po i Buta 
i ikp) ~ 30kp)) * * akpyp Pu) 
(40.13) 
The time-average value of this 4-vector, denoted by q”, is 
eA? 
e= ph— k?. 40.14 
q" = PY ~ 20K) ( ) 
Its square is 
2 2 e" = 
q= mi, m= my (1-557), (40.15) 


where m, acts as an “effective mass” of the electron in the field. A comparison of 
(40.14) with (40.12) shows that 


ji" = q" Do. (40.16) 


The normalization condition (40.10), expressed in terms of the vector q, is 


[ vey, a°x = any 2 5q’-q): (40.17) 


this is most simply proved in the particular frame of reference mentioned above. 


§41. Motion of spin in an external field 


The quasi-classical approximation in Dirac’s equation is reached in the same 
way as in the non-relativistic theory. In the second-order equation (32.7a) we 
substitutet 


yy =U eins 


where S is a scalar and u a slowly varying bispinor. The usual condition of the 
quasi-classical case is assumed to be satisfied: the momentum of the particle must 
vary only slightly over distances of the order of the wavelength hi/|p|. 

In the zero-order approximation with respect to h, we obtain the usual classi- 
cal relativistic Hamilton-Jacobi equation for the action S. All the terms which 
contain the spin (and are proportional to f) are absent from the equations of 
‘motion. The spin would appear only in the next approximation with respect to h. 


t Ordinary units will be used at first. 
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Thus the influence of the magnetic moment of the electron on its motion is always 
of the same order of magnitude as the quantum corrections. This is to be expected, 
since the spin is a purely quantum property and its magnitude is proportional to fh. 

We can therefore reasonably formulate the question of how the electron spin 
will behave when the electron is executing a given quasi-classical motion in an 
external field. The answer to this question is contained in the next approximation 
with respect to h in Dirac’s equation. We shall, however, use another method 
whose significance is more obvious and which does not directly involve Dirac’s 
equation. It has the advantage of allowing a treatment of the motion of any particle, 
including a particle which has an ‘‘anomalous” gyromagnetic ratio not describable 
by Dirac’s equation. 

The objective is to derive an “equation of motion’ for the spin when the 
particle moves in any (given) manner. Let us first take the non-relativistic case. 

The non-relativistic Hamiltonian of a particle in an external field is 


H = H'-ypo-H, (41.1) 
where H’ includes all terms independent of the spin (see QM, $111), and p is the 
magnetic moment of the particle. This form of the Hamiltonian relates to any kind 
of particle. For electrons, x = eh/2mc (the electron charge being e = —|e|), and for 
nucleons » also contains the “‘anomalous”’ partt 


yw’ = p — eh/2mce. (41.2) 


According to the general rules of quantum mechanics, the operator equation of 
motion for the spin is obtained from the formula 


”~ — a * a Ps cal = i A 2. A 
S=5 (Hs—sH) i (Ho-oH). (41.3) 
Substitution of (41.1) gives 


S; = aap Hy,(0.0; — oi0%) 


Or 
. 2m . 
S=—> SH. (41.4) 


We average this operator equation over the state of the quasi-classical wave 
packet moving in a given path. This is equivalent to replacing the spin operator by 


+ When radiative corrections are taken into account the magnetic moment of the electron also 
contains a very small ‘“‘anomalous”’ part. 
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its mean value s, and the vector H by the function H(t), which represents the 
change in the magnetic field at the position of the particle (or wave packet) as the 
latter moves along its path. In the non-relativistic approximation (i.e. in terms of 
Pauli’s equation), § = 30 is the spin operator of the particle in its rest frame, whose 
mean value was denoted in §29 by 3¢. Thus we obtain the equation 


ae EL x HUD). (41.5) 


This form of the equation is, in essence purely classical. It signifies that the 
Magnetic moment vector precesses about the direction of the field with angular 
velocity —2uH/h, remaining constant in magnitude.t 

Again in the non-relativistic case, the velocity v of the particle varies in 
accordance with the equation 


dv/dt = ev xX H/mc, 


i.e. the vector v rotates about the direction of H with angular velocity —eH/mc. If 
yw’ =0, then pp = eh/2mc, and this angular velocity is the same as the angular 
velocity —2y4H/h with which the vector ¢ rotates; thus the polarization vector Is at 
a constant angle to the direction of motion. We shall see below that this result 
remains valid in the relativistic case. 

Let us now proceed to the relativistic generalization of equation (41.5). For a 
covariant description of the polarization it is necessary to use the 4-vector a 
defined in §29, and the equation of motion of the spin will determine its derivative 
with respect to the proper time 7. 

The form of this equation is given by considerations of relativistic invariance: 
its right-hand side must be linear and homogeneous in the electromagnetic field 
tensor F*”’ and in the 4-vector a“, and apart from these can include only the 
4-velocity u* = p*/m. The only form of equation satisfying these conditions is 


da’*/dt = aF"’a, + ButF’u,a, (41.6) 


where a and ®B are constant coefficients. It is easily seen, from the condition 
a,u" =0 and the antisymmetry of the tensor F”” (whence F”’u,u, = 0), that no 
other expressions with the required properties can be constructed. 

As v0, this equation must become the same as (41.5). Putting a* = (0,0), 
u* =(1, 0), 7 =t, we have 


dt/dt = af XH. 


A comparison with (41.5) shows that a = 2p. 
+t The classical equation (41.5) can be derived directly from the equation 
dM/dt = pH, 
where M is the angular momentum and p the magnetic moment of the system; p x H is the torque acting 


on the system. Putting M = 2A, p = (u/2s)C = wl, we have (41.5). 
+ From here onwards we again take c = 1, h = 1. 
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To determine B, we use the fact that a“u, = 0. Differentiating this with respect 
to + and using the classical equation of motion of a charge in a field, 


m du"/dt = eF’’u,, 
(see Fields, §23), we obtain 


da* _ du* _ an a ae 
i a a a a, F uy =F u,,a,. 
Hence, on multiplying both sides of equation (41.6) by u,, using the equation 
u,u* = 1 and cancelling the common factor F*’u,a,, we have 


Thus the final relativistic equation of motion for the spin is 


da" fev ' Eva 
Wp CHP a, —2p'u"F’ ua, (41.7) 


(V. Bargmann, L. Michel and V. L. Telegdi, 1959).t 

We can change from the 4-vector a to the quantity € which directly represents 
the polarization of the particle in its “instantaneous” rest frame. The relation 
between a and ¢ is given by formulae (29.7)}-(29.9). First of all, from (41.7) we 
necessarily have a,da“/dr =0, and therefore a,a" =constant. Since a,a" =—(’, 
this is equivalent to the obvious result that the polarization C of the particle remains 
unchanged in magnitude during its motion. 

The equation which shows the change in direction of the polarization is 
obtained by using three-dimensional notation in (41.7). The space components of 
this equation are, in explicit form, 


da_2um 2m _2H'eE 
a axH+—— (a°v) 


+ — v(a- v)(v- E). 


a: E)+2H Ev(v- a X H)+ 


Here we must substitute (29.9), using in the differentiation the equations p = ev, 
e*= p’+m’, and the equations of motion 


dp/dt = eE+ev XH, de/dt =ev-E. (41.8) 


A lengthy but elementary calculation leads to the resultt 


+t This equation was first derived, in another form, by Ya. I. Frenkel’ (1926). 
¢ If the gyromagnetic ratio (Landé factor) g is used (as is often done) for charged particles, with 
p = g(e/2m)- i (= g(e/2mc) - 3h), this equation becomes 


oA 5a(8- 242M \Ex H+ Se (g - 2)——w- Hw x b+ 5 -(g-- = \ex (EX). (41.9a) 
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! — ' + f 
4b _ 2am + 2a te) yx 4 HE (yy x t+ BT OEE Cx Ex y) 
(41.9) 


The variation of the direction of polarization relative to the direction of motion 
is of more interest than the variation of its absolute position in space. We write 


C=ngt+C., (41.10) 


where n= v/v, and derive the equation for the component ¢; of the polarization in 
the direction of motion. A calculation using (41.8), (41.9) leads to the resultt 


2 
OH uit, Hxnt = (Mo — a')C -E. (41.11) 


The problems at the end of this section include a number of examples of the 
application of the above formulae. Here it may be noted that, in motion in a purely 
magnetic field, the polarization of a particle having no anomalous magnetic moment 
is at a constant angle to the velocity (¢;= constant). Thus this result, already 
mentioned previously for the non-relativistic case, is in fact a general one. 

The conditions for the above formulae to be applicable can be stated more 
precisely. The requirement specified initially, that the momentum of the particle 
should vary sufficiently slowly, is equivalent to a certain condition that the fields E 
and H should be small; in particular, the Larmor radius in the magnetic field 
(~ p/eH) must be large compared with the wavelength of the particle. There is also, 
however, another condition which must, strictly speaking, be fulfilled: the fields 
must not vary too rapidly in space, and must vary only slightly within the 
dimensions of the quasi-classical wave packet. That is, the field must vary only 
slightly over distances of the order of the particle wavelength (1/p) and of the 
Compton wavelength (1/m).¢ 

In practical problems of motion in macroscopic fields, however, the condition of 
slow variation is certainly satisfied, and only the condition of smallness remains. 

In §33 we have derived the first relativistic corrections for the Hamiltonian of 
an electron moving in an external field. For an electron in an electric field the 
approximate Hamiltonian is (see (33.12)) 


i Ge 5 Rear Eee ae 
H=H im E x p/m, p iV, (41.12) 


where H_ includes the terms which do not contain the spin. In our case, since the 


t This equation can be obtained a little more directly by writing explicitly the time component of 
equation (41.7). 

¢ The latter requirement arises from the condition that the spread of velocities in the wave packet, in 
its rest frame, must be small compared with c, since otherwise the non-relativistic formulae could not be 
applied in this frame. 

If the field varies too rapidly, the equations may contain significant additional terms in the 
derivatives of the field with respect to the coordinates. 
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field varies slowly, we neglect the term in H’ which involves derivatives of E (i.e. 
the term in div E); the small term in p* may also be omitted, since it is unrelated to 
the field effects in question here. Thus H’, in the absence of a magnetic field, 
reduces to the non-relativistic Hamiltonian H’ = p?/2m + e®. 

Formula (41.12) can also be derived from (41.9) without making direct use of 
Dirac’s equation. This method will generalize it (in the quasi-classical case) to 
particles with anomalous magnetic moment. 

The equation of motion of the spin in an electric field, as far as first-order terms 
in the velocity v, is obtained from (41.9) as 


oe = (ut WIEX (EX v) = (52 + 2u")x (Ex v) 


If we impose the condition that this equation should be derived quantum- 
mechanically by commuting the spin operator with the Hamiltonian (as in (41.3)), 
then it 1s easily seen that we must put 


PG oe f ig OE) “ 
H=H (1 +7 )o E x p/m. (41.13) 


This is the required expression. If 4’=0, we again obtain (41.12). It should be 
noted that the ‘‘normal’’ magnetic moment e/2m is multiplied by an extra factor 3 in 
comparison with the anomalous moment w’.t 


PROBLEMS 


PROBLEM 1. Determine the change of the direction of polarization of a particle when it moves in a 
plane perpendicular to a uniform magnetic field (v1H). 


SOLUTION. The right-hand side of equation (41.9) is reduced to its first term, and the vector ¢ 
therefore precesses about the direction of H (the z-axis) with angular velocity 


2um + 2y'(e — 
~ sem Fp ey = - (E+ 2m"), 


The projection of [ on the xy-plane (denoted by ¢;) rotates in that plane with the same angular velocity. 
The vector v rotates in that plane with angular velocity —eH/e, as can be seen from the equation of 
motion p = ev = ev XH. Hence ¢, rotates with angular velocity —2,'H relative to the direction of v. 


PROBLEM 2. The same as Problem 1, but for motion parallel to the magnetic field. 
SOLUTION. When v and H are in the same direction, equation (41.9) reduces to 


d 2um 


so that ¢ precesses about the common direction of v and H with angular velocity —2umH/e. 


PROBLEM 3. The same as Problem 1, but for motion in a uniform electric field. 


SOLUTION. Let the field E be along the x-axis, and let the motion be in the xy-plane (with 
Py = constant). According to (41.9), the vector [ precesses about the z-axis with instantaneous angular 


t This is the ‘‘Thomas half’ mentioned in the last footnote to §33. Its origin is clearly shown by 
the derivation given here. 
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velocity 


We again resolve € into components ¢; (in the xy-plane) and ¢-. Then 
fy = fi cos d, C-E=—-Q: sing: v/v. 


From (41.11), G rotates relative to the direction of v with instantaneous angular velocity 


- 2 fm : , fem ; 
b= (BE y) = P(E 2p’). 


v £ e \p 


§42. Neutron scattering in an electric field 


In collisions between neutrons and nuclei, the scattering through large angles is 
determined by the main interaction, the nuclear forces. In small-angle scattering, 
however, it can be shown that the interaction of the magnetic moment of the 
neutron with the electric field of the nucleus becomes important (J. Schwinger, 
1948). 

We shall assume that the neutron is non-relativistic, so that the interaction in 
question 1s described by the approximate Hamiltonian (41.13). The magnetic 
moment of an electrically neutral particle is wholly “‘anomalous”’ and the operator 


aA 


H' reduces in this case to the kinetic-energy operator:t 


2 


H=-2 ariMg-exy. (42.1) 
m mc 


Since the electromagnetic interaction of the neutron is small, the corresponding 
scattering amplitude f,.,, may be calculated by the Born approximation: 


___m -ip rin (, BA path. as 
(see QM, §126), or 


fem = 57 53 0 * Eq p, E,= | E(rye d's, (42.2) 


where p and p’ are the neutron momenta before and after scattering, and hq = 
p'—p. In this form, the amplitude f,.,, 1s an operator with respect to the spin 
variable. 

Before continuing the calculation, we should note the following point. Formula 
(42.1) has been derived in 841 for slowly varying fields (which in practice meant 
neglecting terms in the Hamiltonian containing coordinate derivatives of the field). 
As applied to the Coulomb field of the nucleus, this means that the wavelength h/p 


+t In this section, ordinary units are used, and m denotes the mass of the neutron. 
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must be small compared with the distances r ~~ 1/q which are important in the 
integral E,. Hence f, <p, so that the scattering angle @ ~ hq/p <1. Thus the 
required condition is in fact satisfied for small-angle scattering. 
For a Coulomb field with potential ® = Ze/r, the Fourier component of the field 
IS 
. 4rZe 
amie os ae ae a 


see Fields, (51.5). Substitution in (42.2) gives 


For small scattering angles, hq ~ p@ and px p' =~ p’@v, where p is a unit vector in 
the direction of p X p’. Thus 


f _ 22 
em bhic Oo:v. 


The nuclear scattering amplitude must be added to this expression. Owing to the 
rapid decrease of the nuclear forces with increasing distance, this amplitude tends 
for small angles to a finite (energy-dependent) complex limit, which we denote by 
a. The total scattering amplitude is therefore 


f=ati(b/ajo-v,  b=2Zeulch =2Zaple. (42.3) 


We see that the electromagnetic scattering is indeed predominant at sufficiently 
small angles. 

The expression (42.3) is the same in form as that discussed in QM, §140. We can 
therefore make direct use of the formulae derived there. The scattering cross- 
section summed over all possible final polarization states is 


2 
<= lah +23+2bima-v-L, (42.4) 


where € is the initial polarization of the neutron beam (called P in QM, §140). If the 
initial state is unpolarized (€ = 0), then the polarization after scattering is 


,_ 2b@0ima 
o = laler+ be” (42.5) 


This is a maximum when @ = b/|a|, and finax = im a/a|. 


CHAPTER V 


RADIATION 


§43. The electromagnetic interaction operator 


THE interaction of electrons with an electromagnetic field can, as a rule, be treated 
by means of perturbation theory. This is because the electromagnetic interaction is 
comparatively weak, as is shown by the smallness of the corresponding dimension- 
less “‘coupling constant”, viz. the fine-structure constant a = e’/hc = 1/137. The 
smallness of this number is of fundamental importance in quantum elec- 
trodynamics. 

In classical electrodynamics (see Fields, §28), the electromagnetic interaction 1s 
described by the term 


— ej"A, (43.1) 


in the Lagrangian density of the “field + charge”’ system (A being the 4-potential of 
the field and j the particle current density 4-vector). The current density satisfies 
the equation of continuity, 


a,j¢ = 0, (43.2) 


which expresses the law of conservation of charge. According to Fields, §29, the 
gauge invariance of the theory is closely related to this law: when A, is replaced by 
A, + 4.x (4.1), a term —ej"d,x is added to the Lagrangian density (43.1), and this, by 
(43.2), may be written as the 4-divergence —ed,(yj"); it therefore disappears on 
integration over d‘x in the action S = f L d*x. 

In quantum electrodynamics, the 4-vectors j and A are replaced by the 
corresponding second-quantized operators. The current operator is expressed in 
terms of the w-operators by j = pyW. The generalized ‘“‘coordinates” q in the 
Lagrangian 


| ae d*x =-e (jA) d’x 


are represented by the values of J, & and A at each point in space. Since the 
Lagrangian density is found to depend only on the ‘coordinates’ q themselves 
(and not on their derivatives with respect to x), the change to the Hamiltonian 
density by formula (10.11) amounts simply to a change in the sign of the Lagran- 
gian density.t Thus the electromagnetic interaction operator (the space integral of 


t Independently of these arguments, it may be noted that, when only the first-order small correction 


is considered, any small correction in the Lagrangian appears in the Hamiltonian with just a change of 
sign (see Mechanics, §40). 


159 


160 Radiation §43 


the interaction Hamiltonian density) has the form 
V=e | (jA) d>x. (43.3) 
The free electromagnetic field operator is the sum 
A= p3 [¢,An(x) + €7A¥*(x)], (43.4) 


which contains the operators of photon creation and annihilation in various states 
labelled by the suffix n. Each operator has matrix elements only for an increase or 
decrease of the corresponding occupation number N, by 1 (the other occupation 
numbers remaining unchanged). The operator A therefore also has matrix elements 
only for transitions in which the number of photons changes by 1. That is, only 
processes of the emission or absorption of a single photon occur in the first 
approximation of perturbation theory. 
According to (2.15), the matrix elements are 


(Ny — UWcn|Nn) = (Nalct|Na — 1) = VN. (43.5) 


If there are no photons (of type n) in the initial state of the field, then (1|c7|0) = 1. 
The matrix element of the operator (43.3) for photon emission is 


Vii(t) =e (wA®) dx, (43.6) 


where A,(x) is the wave function of the emitted photon and j,, the matrix element 
of the operator j for a transition of the emitter from the initial state i to the final 
state f.t The 4-vector jj = (p,, jj,;) 1s called the transition current. 

Similarly, we obtain the matrix element for photon absorption: 


V(t) —€ | Gin d°x. (43.7) 


This differs from (43.6) only by having A,(x) in place of A%(x). 

The argument t of V;; is shown in order to emphasize that the matrix element is 
time-dependent. By separating the time factors in the wave functions, we can 
change in the usual way to time-independent matrix elements: 


Viilt) = Vg eer Erroy, (43.8) 


where E;,, E;, are the initial and final energies of the emitting system, and the sign + 
is for emission and absorption respectively of a photon w. 


+ The notation in (43.6) is slightly inconsistent. The suffixes in Vj) refer to states of the whole system 
“emitter + field’, those in jj, to states of the emitter only. 
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The wave function of a photon with a definite momentum k and a definite 
polarization is 


e” 


A* =V (4m) Qa) er 


(43.9) 


(see (4.3); the time factor is omitted). Substituting in (43.6), we find the matrix 
element for the emission of such a photon: 


V; = eV (4) ai e*jH(k), (43.10) 


where j,;(k) is the transition current in the momentum representation, 1.e. the 
Fourier component 


Ji(k) = | ince ek" dy, (43.11) 
The corresponding formula for photon absorption is 


Vii = eV (477) Toa) é,j#(—k). (43.12) 


The equation of conservation of current in the momentum representation is the 
condition of 4-transversality of the transition currents: 


ki = wpri(K) —k- ji (k) = 0. (43.13) 


The formulae given in this section do not assume any particular form of the 
current operator, and are generally valid for electromagnetic processes involving 
any charged particles. The existing theory allows the form of the current operator 
to be determined (and hence, in principle, its matrix elements to be calculated) only 
for electrons. For applications to systems of strongly interacting particles, includ- 
ing nuclei, a semi-phenomenological theory will be used, in which the transition 
currents appear as empirically determined quantities subject only to the conditions 
of space-time symmetry and to the equation of continuity. 


§44. Emission and absorption 


The transition probability under the action of a perturbation V is given, in the 
first approximation, by the well-known formulae of perturbation theory (QM, §42). 
Let the initial and final states of the emitting system belong to the discrete 
spectrum.f Then the probability (per unit time) of the transition i— f with emission 


+ This certainly implies that recoil is neglected, the emitter as a whole remaining at rest. 
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of a photon 1s 
dw = 27| V5 (E; = Ey sae w) dv, (44.1) 


where dv arbitrarily denotes the ensemble of quantities describing the state of the 
photon and taking a continuous sequence of values; the photon wave function is 
assumed normalized by the delta function ‘‘on the v scale’’. 

If a photon having a definite angular momentum Is emitted, the only continuous 
variable is the frequency w. Integration of (44.1) with respect to dv = dw eliminates 
the delta function, w being replaced by E; — E,;, and the transition probability 1s 


w = 2a|Vyil’. (44.2) 


If, however, we consider the emission of a photon having a given momentum k, 
then dv = d°’k/(27r)’ = w* dw do/(27r)’. Here it is presupposed that the photon wave 
function (plane wave) is “normalized to one photon in the volume V =1”’, as 
always in this book; dv is the number of states in the phase volume V d’k. Thus the 
probability of emission of a photon with a given momentum is 


dw = 2m|V;,)°5(E; — E; — w) a?k/(27)', (44.3) 


or, after integration over dw, 
_ yp, 
dw a | Vyi[°w* do. (44.4) 


In this we must substitute the matrix element V;; from (43.10). 

In subsequent sections we shall use these formulae to calculate the probability 
of emission in various specific cases. Here we shall consider certain general 
relations between radiative processes of various kinds. 

if in the initial state of the field there is already a non-zero number N,, of the 
photons in question, the matrix element for the transition is multiplied by 


(N, + Icz|N,) = V(N, + 1), (44,5) 


i.e. the transition probability is multiplied by N,+1. The 1 in this factor cor- 
responds to the spontaneous emission which occurs even if N, =0. The term N, 
represents the stimulated or induced emission: we see that the presence of 
photons in the initial state of the field stimulates the further emission of photons of 
the same kind. 

The matrix element V; for the transition with the opposite change of state of 
the system (f >i) differs from Vj; in that (44.5) is replaced by 


(N, — Wen|Nn) = VN, 


(and the other quantities are replaced by their complex conjugates). This opposite 
transition is a transition of the system from the level E;, to the level FE; with 
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absorption of a photon. Thus the photon emission and absorption probabilities for a 
given pair of states i, f are related byt 


wel Wa =(N, + 1)/N,, (44.6) 


an expression first derived by A. Einstein (1916). 
The number of photons can be related to the intensity of the external radiation 
incident on the system. Let 


Tye dw do (44.7) 


be the radiation energy incident on unit area per unit time and having polarization 
e, frequency in the range dw and wave-vector direction in the solid-angle element 
do. These ranges correspond to k’ dk do/(27)’ field oscillators, each having Nye 
photons of the specified polarization. Hence the same energy (44.7) is given by the 
product 


2 
. ene Nojio= te N,. dw do. 


From this we find the required relation: 


Nv re Ine (44.8) 


Let dwy?) be the probability of spontaneous emission of a photon with 
polarization e into the solid angle do, and let the indices (in) and (a) denote the 
corresponding probabilities for induced emission and for absorption. According to 
(44.6) and (44.8), these probabilities are related as follows: 


spy Sic? 


dw\? = dwi? = dwi! pr 


aa dye (44.9) 


If the incident radiation is isotropic and unpolarized (J,. independent of the 
directions of k and e), then the integration of (44.9) with respect to do and 
summation with respect to e gives similar relations between the total probabilities 
of radiative transitions (between given states i and f of the system): 


wi = win) = wl) TE 7 (44.10) 


where I = 2 x 47], 1s the total spectral intensity of the incident radiation. 

If the states i and f of the emitting (or absorbing) system are degenerate, the 
total probability of emission (or absorption) of the photons concerned is found by 
summation over allt mutually degenerate final states and averaging over all possible 


+ In the rest of this section, ordinary units are used. 
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initial states. Let the degrees of degeneracy (statistical weights) of states i and f be 
g; and g;. For processes of spontaneous or induced emission, the states i are the 
initial states, and for absorption the states f. Assuming in each case that all g; or g,; 
initial states are equally probable, we obviously have instead of (44.10) the relations 
(sp) TC" 
hw? 

(63) 


(a) _ 


gw"? = gw” = giw I. (44.11) 


In the literature one frequently meets the Einstein coefficients, defined as 
Ay=w'?, By=wclI, By = wclI, (44.12) 


where I/c is the spatial spectral density of radiation energy. They are related by the 
equations 


2,B;i mas giBiy = giAyt’c’/hw’. (44.13) 


§45. Dipole radiation 


Let us apply the formulae derived above to the emission of a photon by an 
electron (in general, a relativistic electron) moving in a given external field. In this 
case the transition current is the matrix element of the operator 


j = bye, 


in which the w-operators are assumed expanded in terms of the wave functions of 
stationary states of the electron in a given field (§32). The matrix element 
(0;1;|j|1,0;) corresponds to a transition of the electron from state i to state f. This 
change in the occupation numbers is brought about by the operator 4;4;, and the 
transition current is 


jh = Wy" = (Wt, Wadi), (45.1) 


where yf; and yy are the wave functions of the initial and final states of the electron. 

Let the wave function of the photon be chosen in the three-dimensionally 
transverse gauge (the polarization 4-vector e =(0,e)). Then the product jje* = 
— jg - e* in (43.10). Substituting V;; in (44.4), we obtain the following expression for 
the probability (per unit time) of emission of a photon with polarization e into the 
solid-angle element do: 


dWee = €(w2/2t1)le* + jg:(k)|? do, (45.2) 


where 


ja(k) = [-wte Lek dy. (45.3) 
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Summation with respect to the polarization of the photon is effected by 
averaging over the directions of e (in a plane perpendicular to the given direction 
n = k/w), and the result is then doubled because of the two independent possible 
transverse polarizations of the photon.t Thus the result is 


dw, = e°(w/27)|n X jyi(k)|’ do. (45.4) 


A very important case is that where the photon wavelength A is large compared 
with the dimensions a of the radiating system. This usually means that the velocity 
of the particles is small compared with that of light. In the first approximation in 
a/X (corresponding to dipole radiation; cf. Fields, §67), the factor e ’" varies only 
slightly in the region where w; or yy 1s appreciably different from zero, and it can be 
replaced by unity in the transition current (45.3). This implies that the photon 
momentum is neglected in comparison with the momenta of the particles in the 
system. 

In the same approximation, the integral j,;,(0) may be replaced by its non- 
relativistic value, which is simply the matrix element v, of the electron velocity 
with respect to the Schrédinger wave functions. In turn, this element vj = — iwryi, 
and er, = d;, where d is the dipole moment of the electron (in its orbital motion). 
Thus we have the following formula for the probability of dipole radiation: 


dWen = (w*/277)le* + dyi|? do. (45.5) 


(Here the direction of n occurs implicitly: the vector e must be perpendicular to n.) 
Summation with respect to the polarizations gives 


dw, = (w*/27)|n x dil” do. (45.6) 


Since these formulae are non-relativistic (as regards the electron), they can be 
immediately generalized to any electron system by taking d,; as the matrix element 
of the total dipole moment of the system. 

Integrating (45.6) over all directions, we have the total probability of radiation: 


w = (4w’/3)|d,\|’, (45.7) 
or, in ordinary units, 


w = (403/3hc?)\d,i(’. (45.7a) 


t In the averaging, we use the formula 


eet = 3(5i% — ninx) (45.4a) 
or 
(a e)(b- e*) = i{a- b—(a- n)(b- n)} 
= i[a Xn] - [bX a], (45.4b). 


where a and b are constant vectors. 
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The intensity I is found by multiplying the probability by fw: 
I = (4w*/3c°)|dyi’. (45.8) 


This is directly analogous to the classical formula (see Fields, (67.11)) for the 
intensity of dipole radiation from a system of periodically moving particles: the 
intensity of radiation at frequency w, = sw (where w is the frequency of the 
particle motion and s an integer) is 


I, = (4w4/3c3)/d,|’, (45.9) 


where d, are the Fourier components of the dipole moment, 1.e. the ‘coefficients in 
the expansion 


a(t)= 3S de (45.10) 


s=-a 


The quantum formula (45.8) is got from (45.9) by replacing these Fourier com- 
ponents by the matrix elements of the corresponding transitions. This rule (which is 
an expression of Bohr’s correspondence principle) 1s a particular case of a general 
relation between the Fourier components of classical quantities and the quantum 
matrix elements in the quasi-classical case (see QM, $48). The radiation is quasi- 
classical for transitions between states having large quantum numbers; the tran- 
sition energy fw = E; — E; is then small in comparison with the energies EF; and E, 
of the radiator. This, however, would not lead to any change in the form of (45.8), 
which is valid for all transitions. This explains the fact (which is something of an 
accident) that the correspondence principle for the radiation intensity is valid not 
only in the quasi-classical but in the general quantum case. 


§ 46. Electric multipole radiation 


Instead of considering the emission of a photon in a given direction (i.e. with a 
given momentum), let us now consider the emission of a photon with definite 
values of the angular momentum j and its component m in some chosen direction z. 
We have seen in §6 that such photons can be of two kinds, electric and magnetic. 
Let us take first the emission of electric photons, and again assume that the 
dimensions of the radiating system are small in comparison with the wavelength. 

The calculations are conveniently carried out by means of the photon wave 
functions in the momentum representation, i.e. by expressing the 4-vector A*“(r) as 
a Fourier integral. Then the matrix element is 


Vi =e [ inmato d*x 


3 
=e | d>x ine) | Soy A*(k)e '*''; (46.1) 


for simplicity, we omit the suffixes wjm to the photon wave functions. 
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For an Ej photon we take the wave function from (7.10), with the arbitrary 
constant C having the value 
__ ji} 
i 


The reason for this choice is to ensure that, in the spatial components of the wave 
function (A), the terms containing spherical harmonics of order j — 1 cancel (as is 
seen from formulae (7.16)). Then A will include only spherical harmonics of order 
j+1, and therefore the corresponding contribution to Vj; is (as will be clear from 
the subsequent calculation) of a higher order of smallness (in a/A) than the 
contribution from the component A°=®, which includes spherical harmonics of 
the lower order j. 
Thus we put 


=(9,0), @=- fe 5(|k| — w) Yin(m) 


W 


(n=k/w). Substituting this expression in (46.1) and carrying out the integration 
over d|k|, we obtain 


4 = 
-e itive | d?x - py(r) | do, e* *Y *(n). (46.2) 


To calculate the inner integral, we use the expansion (24.12), written in the form 


fo] 


l 
glk r= 4m > a i'g (kr) Y #,(k/k) Yim (r/r), (46.3) 


where 


gi(kr) = Ve Jis(kr); (46.4) 


see QM, (34.3).T 
Substitution of this expansion in (46.2) gives 


fe ~ik- ‘ys « (n) do, = 4ni-'gi(kr)Y * A(r/r); 


the remaining terms are zero because of the orthogonality of the spherical har- 
monics. On account of the condition a/A <1, only distances such that kr <1 will be 
important in the integral with respect to d*x. We can therefore replace the 


t The normalization of the functions g; is such that their asymptotic form as kr—>© is 


gi(kr) = (1/kr) sin(kr — 4l2). (46.4a) 
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functions g,(kr) by the first terms of their expansions in powers of kr:t 
gi(kr) = (kr)'/(2j + 1)! (46.5) 
The result ts 


Vi =(- prety (Sit Gs Da w!*? 


SP Gaye Clad (46.6) 
with the notation 

(Qi = V3 x 5 | enter’ Yim(r/r) d°x (46.7) 
(Y) -m =(-1)""Y*,). The quantities (46.7) are called the 2/-pole electric transition 


moments of the system, by analogy with the corresponding classical quantities 
(Fields, 841). 

For an electron in an external field, p; = W*w;, and the quantities (46.7) are then 
calculated as the matrix elements of the classical quantity 


In the non-relativistic case (as regards the particle velocities), the transition 
moment can in principle be calculated similarly for any system of N interacting 
particles. The transition density is expressed in terms of the wave functions of the 
system by 


N 
pyi(r) = | wri, Bees rn )wWi(ri, Seay rn) » d(r—r,,) d*x;, Soiend a <i (46.8) 


where the integral is taken over the whole of configuration space.§ 

The photon wave function used here corresponds (in the coordinate represen- 
tation) to normalization by the delta function on the w scale, as assumed in formula 
(44.2). Substituting (46.6), we find the probability of Ej radiation:]|| 


) — 202) + DG + I 


wim = “Tope ie” w*e7(Q afl’. (46.9) 


+t The power of kr is equal to the order of the function Yjm by which gj is multiplied. This justifies 
the neglect of the terms in A which contain higher-order spherical harmonics. 

+ The multipole moments are defined without the factor e, since in this book the currents also are 
defined without the charge factor. 

§ A situation can occur where the transition probability vanishes according to the approximate 
selection rules, valid only when the spin-orbit interaction of the electrons is neglected. Then, to obtain a 
non-zero result, we must use the wave functions with the relativistic correction which takes account of 
this interaction. 


|| It might appear at first sight that, owing to the isotropy of space, the total probability of photon 
emission ought not to depend on the value of m. The incorrectness of this conclusion is easily seen if we 
notice that different final states of the system (for a given initial state) correspond to the emission of 
photons with different values of m; cf. the rule (46.16) below. 
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In particular, for } = 1 we have 


3 
win = 9S QP mil (46.10) 


The quantities Q‘ are related to the components of the electric dipole moment 


vector by 
10 a id,, eQ\.; =e V2 (d, * id, ). (46.11) 


Summing (46.10) with respect to m, we naturally obtain the earlier formula (45.7) 
for the total probability of dipole radiation. 

The angular distribution of multipole radiation is given by formula (7.11). When 
this is normalized to the total emission probability wjm, we have 


AWim = |¥'2(n)|" Wim do 


Wim Pp 
= tt We ¥inl? do. (46.12) 


In particular, for j = 1, 
E 3 Io: 
Yio=i \/z— cos 8, Yi«1=F1 sin @ e 
An 


where @ and @¢ are the polar angle and azimuth of the direction n relative to the 
z-axis. On calculating the gradient, we find that the angular distribution of dipole 
radiation with a definite value of m is given by 


dwio = woe sin’ 6 do, dw. +} = Wy +} = Leos’ 6 do. (46.13) 


These expressions could also, of course, be obtained from formula (45.6) by putting 
firstly (for m=0) d,=d,=0, d,=d, secondly (for m=+1) d, = + id, = d/V2, 
d, = 0. 

If the order of magnitude of the dimensions of the system (atom or nucleus) is 
a, then that of the electric multipole moments is, in general, Q{~ a’. The 
probability of multipole radiation is 


wi) ~ ak(kay (46.14) 


When the multipole order increases by one, the probability decreases by a factor 
~(ka)’. 

The laws of conservation of angular momentum and parity imply certain 
selection rules which restrict the possible changes in the state of the radiating 
system. If the initial angular momentum of the system is Ji, then, after emission of 
a photon with angular momentum J, the angular momentum of the system can have 
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only those values J; which are in accordance with the angular momentum addition 
rule (J; — J; =j): 


aT le7 eT as: (46.15) 


For given values of J; and J;, the same rule (46.15) specifies the possible values 
of the photon angular momentum j. But, since the probability of emission decreases 
rapidly with increasing j, the emission occurs principally with the lowest possible 
multipole order. 

The components M; and M,; of the angular momenta J; and J;, and m of the 
photon angular momentum, satisfy the relation 


M, — M, =m, (46.16) 


which is obvious from the same law of addition of angular momenta. 

The parities P; and P; of the initial and final states of the radiating system must 
be such that P;P,, = P;, where P,, is the parity of the emitted photon. Since the 
parities can have only the values +1, this condition may also be written 


P,P; = Pon. (46.17) 


For an electric photon P,, = (—1)', and the parity selection rule for electric multi- 
pole radiation is therefore 


P;P, = (-1). (46.18) 


The selection rules for total angular momentum and for parity are entirely 
rigorous and must be satisfied in emission by any systems. There may also be 
other rules which are more restrictive and which arise from certain properties of 
the structure of particular radiating systems. These latter rules must of necessity be 
approximate to some extent; they will be discussed in later sections of this chapter. 

The dependence of the emission probability on the quantum numbers m, M; and 
M; is entirely determined by the tensor character of the multipole moments., The 
quantities Q,, with a given j form a spherical tensor of rank j. The dependence of 
its matrix elements on these quantum numbers is given by the formula 


2 ( j FY 2 
Inj JMj|Q;, -m|niJiMi)| = (i, es or KnJ el QillniJi| (46.19) 


(see QM, (107.6)), where n conventionally denotes all the quantum numbers 
specifying the state of the system, other than J and M. The reduced matrix 
elements on the right of (46.19) do not depend on m, Mj, M;. On substituting this 
formula in (46.9), we obtain the required dependence, which is proportional to 


(3; j Ji i 
M, m —M,)? 


§47 Magnetic Multipole Radiation 171 


here it is, of course, assumed that the emitter is not in an external field, and that the 
transition frequency w is thus independent of M; and. M,. 

Summing the probability over all values of M; (for a given M;), we have the 
total probability of emission of a photon of a given frequency from the initial level 
n;, J; of the system. It is obvious from the isotropy of space that this quantity must 
also be independent of the initial value M;. The summation is carried out by means 
of the formula 


p> KnyJ¢My| Qj, -m|niJiMi)|° = +1 = i KKn/Fq||Q\||niJid? (46.20) 


(see QM, (107.11)). 


§ 47. Magnetic multipole radiation 


The wave function of a magnetic photon is A” = (0, A), where A is given by (7.6). 
Substitution in (46.1) gives for the transition matrix element 


Vii = —e Yole 2 jn(t) | doy: ei "Y jm *(n). (47.1) 


The components of the vector Y{7 can be expressed in terms of the spherical 
harmonics of order j, as shown in (7.16). Again using the expansion (46.3), we 
obtain for the inner integral 


fe “ery (™*(n) dog = 42riig,(kr)¥"*(r/r), 


and, on substituting g; from (46.5),t 
. i+ 
Vai =—et’ acai | ja(e)r’ » YYP*(r/r) d?x. 


Here we must substitute, in accordance with the definition (7.4), 


1 
(m) = uae 
ieee 
we then transform the integrand by means of the formula 
rig rxVY*,=—rXji- Vr'Y%), 
obtaining 


= (- 1)"i i + IY + 1) wi 


Tj (Qj +1)! + 1)! e(Q\" atic (47.2) 


+ The current j must not be confused with the angular momentum j. 
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with the notation 
(m) oe. 1 nr F j 3 
(Qi yi = 741 V3Q41 rx jp - VCP Yin) dex. (47.3) 


These are called the 2'-pole magnetic transition moments. 

Because of the analogy between the expressions (47.2) and (46.6) for the 
emission probability, we obtain a formula which differs from (46.10) only in that the 
electric moments are replaced by magnetic moments. Formula (46.12) for the 
angular distribution also remains valid (as has already been mentioned in con- 
nection with (7.11)). 

Let us analyse the form of (47.3) when j = 1. In this case, the functions are 


4 4 | 
J rw = iz Vt rv asedge ein, 


and their gradients are simply the spherical unit vectors e’, e°' (7.14). The 
quantities e(Q\7’),;; are therefore the spherical components of the vector 


Lyi = se [. x Mri d*x, (47.4) 


which is similar in form to the classical magnetic moment (see Fields, 844). The 
total probability of M1 radiation is given in terms of this quantity by the formula 
(in ordinary units) 

w = (4w/3hc>)|pyil?. (47.5) 
We shall show how formula (47.4) is related to the usual non-relativistic quantum 


expression for the magnetic moment operator. 
The expression for the transition current is (see QM, §115) 


in =z WIV — WES) + © curly fey), (47.6) 


where p is the magnetic moment of the particle and s its spin. Hence 


m= Ze futex nds € [tex ryt Px +& [rx curtyzsy) dx 
(47.7) 


In the second term, we write 


[ vicex ou d°x = -| w*(r x VW; d°x + { curtiruty) d°x. 


The last integral can be transformed into one over an infinitely distant surface, and 
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is zero. Thus the first two terms in (47.7) are equal. In the third term, we transform 
the integral as follows (temporarily writing F = sy): 


[ excvxR) dx = rx dtxF)— [ XV) xrd’s, 


The surface integral is zero, and in the last term 


(FX V)xXr=-—Fdivr+F= —2F. 
Thus, 


[rx cunlF d's =2 | Fax 


The expression for py, therefore becomes 
— (te :) ie 


where L = — ir x V is the particle orbital angular momentum operator. This is, as it 
should be, the matrix element of the operator 


aoe 


B=5 Lees. (47.9) 


m S 


which contains the operators of the orbital and intrinsic magnetic moments of the 
particle. 

The selection rules for magnetic multipole radiation are analogous to those for 
the electric case: the rules (46.15), (46.16) again apply to the total angular momen- 
tum, and the parity rule is 


P,P, = (-1)*", (47.10) 


which is obtained by substituting in (46.17) the parity of the Mj photon, Pp, = (—1)'*". 


§48. Angular distribution and polarization of the radiation 


The formulae derived in §§46 and 47 relate to the emission of a photon with 
definite values of the angular momentum j and component thereof m. It was 
accordingly assumed that the radiating system (a nucleus, say) has not only definite 
values of the angular momentum J but also definite polarizations, i.e. values of M, 
both before and after the emission. 

Let us now consider the more general case of emission by a partially polarized 
nucleus (whose dimensions are again assumed small in comparison with the 
wavelength). The emitted photon again has a definite angular momentum j, but may 
be partially polarized. Let us find the emission probability as a function of the 
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direction n of the photon. This probability must be expressed in terms of density 
matrices which describe the polarization states of the nucleus and the photon. 

For this purpose, we shall first write down the emission probability as a 
function of the direction n and helicity A of the photon (A =+1), for the case 
where the initial and final nuclei have definite values Ji, Mi; J;, My. 

The matrix element for emission of a photon with definite values j,m is 
proportional to the matrix element of the (electric or magnetic) 2'-pole moment of 
the nucleus: 


(JyMy; im|V|JiMi) & (—1)"(J/My|Q,, -m|JiMi). (48.1) 


The wave function of the emitted photon (in the momentum representation) is 
proportional to Y{(n) or Y{"(n). The wave function of a photon whose momentum 
is in the direction n and whose helicity is A is proportional to the polarization 
vector e“). The matrix element for emission of a photon n, A is found by 
multiplying (48.1) by the projection of the wave function of the state |jm) on that of 
the state |nA): 


(J;M;; nA| V|JiMi) « (—1)"(J¢My|Q;, -m|JiMie™ + Yin- 
According to (16.23), for photons of either type 
e*- ¥..(n) « DY (n). (48.2) 


The matrix element of the multipole moment can be expressed in the usual way in 
terms of the reduced element. Thus we find the transition probability amplitude in 
the form 


(IMyim|VM)<(—yrmrn(_ at 4 Naptnin), (48.3) 


where Q denotes (J;||Q|lJ;). 

We can now proceed to the general case of mixed polarization states. According 
to the general rules of quantum mechanics, the transition probability is proportional 
to the expressiont 

>, (J)M;; 0A|V|JiMiJ)Mj; A'| VM )* x 
(m) 
x (Mi|p®|Mi)XM pM, XA'|p™|A), (48.4) 


t If the initial and final states of the system are described by the superpositions 


yp = > an, yy = > bap, 


then the matrix element is 


(f| Vi) = >> bianVmn, 
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where p"”, p"”, p” are the density matrices of the initial nucleus, the final nucleus 
and the emitted photon; the symbol (m) beneath the summation sign indicates that 
the sum is taken over all the m-type quantities which occur twice (Mi, Mi, M;, M;, 
r,A’). Then (48.3) is to be substituted in (48.4). 

Let w(n) do denote the probability of emission of a photon into the solid angle 
do. The total probability of emission, in any direction and with any polarizations of 
the photon and the final nucleus, is evidently independent of the initial polarization 
state of the nucleus, is given by formulae already known, and is of no interest here. 
We shall therefore arbitrarily normalize the probability w(n) to unity. The result ist 


> (MDE DUR. x 


(m) 


x ( Jj j ail Jj j ny 
—M,; -—m Mi/\-M; —m' M; 


x (Mi|p"?|M1)(M ip? |My)(A |p MA); 


ee (2) + 1)Q2J, + 1) 
8 tr 


it will be seen below that the normalization is correct. This formula can be. 
transformed by using the series expansion QM (110.2) for the product of the two D 
functions: 


DY, DPe = (- 1)" DY, D2 
=i OES ES Ne - ~ ) Dw, 


Xr! m-m ~—p 


where A=A— A’, » = m—m’ and L takes integral values =2j. Thus we have finally 


w(n) = (2) + a a5 1) S; Ss (21) co Mer OL ae 1) x 
TT L (m) 
«(J J ele J ( Jj J el Jj j i) x 
A -A'’ —A/\m -—m' —p/\—M; —m M;/\-—M; —m' M; 
x Din) Mi|p'|M 7)(M jp |My) '|p™ A). (48.5) 


and its square is 


Kf] Vi a Ss Via Ve. ,a,a*byb*. 


avn'sm,m' 


The case of mixed states is obtained by making the changes 


anat—> pir, bmb& > pL, 
so that 
avn’, im, om! 


t In transforming the sign factor note that the numbers 2J;, 2J;, 2Mi, 2M; have the same parity; j and 
m are integers, and A = +1. 
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As previously, 2:,) denotes summation over all m-type quantities which occur 
twice. Here it must be noted that A and 4X’ differ from the other quantities, since 
they have only two values, A, A’ = +1, corresponding to the two polarizations of 
the photon, and not 2j + 1 values for any given j. 

Formula (48.5) embodies all the necessary information about the angular dis- 
tribution and polarization of the emitted photons, and also about the polarization of 
the secondary nuclei (i.e. those which have emitted a photon). It 1s assumed that 
the initial density matrix is given. 


ANGULAR DISTRIBUTION 


The angular distribution of the photons is obtained by summation over all 
polarizations of the photon and the secondary nucleus. The averaging with respect 
to polarizations is done by substituting the density matrices of the unpolarized 
States: 


(A|p'™|A’) ra 48ar’s (M,|p"|M $) se (48.6) 


25, +1 MMi 
after which the summation amounts to a multiplication by 2 for the photon or by 
2J;+1 for the nucleus. Thus the summation is effected by simply making the 
changes 

(A[p™ IA’) > Bix, (M;|p|M}) > 5M;Mj> (48.7) 


and the angular distribution is 


_ 2) + DOS + I 


w(n) = » > (-)" 2L + 1D) x 
(m) 6 
x (! j Pale j L )( Jj j i ( Ji j sx 
A —A O/\m —m’' —p/\-—M; —m Mi/\-—M,; —m' M; 
x (Mi|p°|M)}). 


This formula can be considerably simplified by carrying out the summation over 
m-type quantities. First of all, we note that 


| & DV. eid Y 3) 
& — 0) =! I) tay A OVP oe) 
and therefore 


jj 4 _ (i j L 
2, ( - 10 2 i -1 0 for even L, 
= (0 for odd L. 


In the sum over L, therefore, only the terms with even L remain, and it involves 
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only even-order spherical harmonics D},. This result is obvious a priori, since, by 
the conservation of parity, the probability must be unchanged by inversion, i.e. by 
putting n>—n. 

Thus we have 


W(n) = ee SOL nl J 9 ) DSK) x 


1 0 
m'+1 j L )( Jj j alk Jj ] 1) 
x 2 * u —m' — p — M; —m M; — M; —m' M; ° 
x (Mi|p|M%). 


The normalization here is easily verified: with the formula 
| Din) do/4ar = S10 5,05 


integration over all directions leaves only the term with L=0, y» =0, and the 
formulae 


J J j-m 1 

(ih —m ) = - V (2j +1)’ 

J; J Vasa (i) 
2. (Mm, -m M,) 240 "P=! 


then show that the integral ts equal to unity. 

The further summation with respect to m, m’, M,; in the inner sum in W(n) is 
effected by means of QM, (108.4). The final expression for the photon angular 
distribution is 


p(n) = (yrs 2+ IV (2; +1) 


4nr 
) J L\fi ii L 
‘ 2, CiVOL * — -1 0 Mj j i] 2 PLT Doe(a), 
(48.9) 
where 
PY = VIAL + NQK+ DY 1M 7, : uy )(MiloIM), 
— (48.10). 


Pi = (OL, 


The inner sum in (48.9) is taken over all |4|< L, and the outer sum over all even L 
such that 


L<2j, L<2. (48.11) 
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(These conditions result from the triangle rule which has to be satisfied by the 
quantities in the 3j-symbols that appear in (48.9), (48.10).) The number of terms in 
the sum is therefore usually small. For instance, when J; = 0 or 3, only the term with 
L = 0 remains, and the radiation is isotropic; this term is easily seen to equal 4, as it 
should by the normalization condition. When J; = 1 or 3/2, or j = 1, the two terms 
with L =0 or 2 remain in the sum over L. If the density matrix p“ is diagonal 
(M; = Mj), then » = 0, and the distribution function (48.9) becomes an expansion in 
Legendre polynomials; according to (16.5) and QM, (58.23), the functions D{) are 
the functions P,; (cos 6). Finally, if 


l 
tp'IM') = —— 


i.e. if the initial nucleus is unpolarized, then all the P{?, are zero except PY} = 1.t 

The quantities P,, are convenient characteristics of the polarization state of the 
nucleus, and will be called polarization moments. Formula (48.10) defines them in 
terms of the density matrix pymu:. The inverse formula expressing the density matrix 
in terms of the polarization moments ts easily verified: 


ee Ee. 1a JL 1) 


Let f., be a spherical tensor depending on the polarization state of the nucleus. 
According to the general rules (see QM, (14.8)), its mean value in a state having the 
density matrix py: IS 


fia = Py pum<JM'|f..|JM). (48. 13) 
Expressing the matrix elements of the f,, in terms of the reduced element (J|lf,||J) 
by means of the formula 


IM 'IfuslIM) = i419 ™'(_ Sg, gy Uf. 


+ Using the result that 


& 0 een Dats 
-M' 0 M Vast 
we have 
ep —) ~ Ge ay =) 
> 1) ig tM )oMM ves+) & Me ee ae Wiig 
= V(2J +1) 510 5,0, 


and the conclusion stated then follows from the definition (48.10). 
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and using the polarization moments as defined by (48.10), we obtain 
re (Sifu? 
fix = ViQL + NOs +1) 2 er 


PHOTON POLARIZATION 


) ) 


When the matrices p' and p“’, as well as p“’, are specified, formula (48.5) 
determines the probability of a transition in which a photon is emitted, and the 
nucleus left, in definite polarization states. Such states are essentially characteristic 
not of the emission process as such, but of the detectors which record the photon 
and the recoil nucleus and distinguish definite polarizations of these. There is 
another and more natural formulation of the problem, in which the final state of the 
‘nucleus + photon” system is not specified from the start, and the polarization 
density matrix of this state is to be determined, with only the direction of the 
photon emission fixed. 

The answer to this problem is given by the same formula (48.5). If this is written 
as 


w = w(n) 2 (M;; nd|p|Mj; nd’)(A'|p™|A XM pO1My), (48.15) 


then the expression (M;; nAlp|Mj; nA’) is the required density matrix, since accord- 
ing to the general rules of quantum mechanics the probability w of a transition to a 
specified state is given by its “projection” on the given p"”, p“’. The factor w(n) is 
written in (48.15) so that this matrix shall be normalized by the usual condition, 


S) (M;; nA|p|M;; nA) = 1. 


A, My 


If we want the polarization of the photon alone, a summation over M; = M; is 
necessary: 


(nAlp|nA’) = 2) (M;; ndAlp|M;; nv’). 
f 


Using a derivation exactly similar to that of (48.9), we obtain 


+3, (2) + IV (25, +1) . 
8mw(n) 


xT C)VEL+D() “5 vie : j{ D Pis*Diytn), (48.16) 


(nA |p|ma’) = (—1)'* 


where A = A’— X’, and the summation is over all integral values of L which satisfy 
the conditions (48.11). 
In particular, circular polarization is determined by the Stokes parameter 


= (n1|p|n1) — (n, —1|p|n, —1); 
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see §8, Problem. Because of the relation (48.8), all terms with even L in this 
difference are zero, and the resulting formula for & differs from (48.9) only in that 
the summation is over odd instead of even values of L. 


SECONDARY NUCLEUS POLARIZATION 


Finally, if we are interested only in the final polarization of the nuclei, we must 
put p’” > 6. If the integration with respect to directions of the photon is also carried 
out, the density matrix of the secondary nucleus is 


(Mjlo|M;) = | (n)(Mynlp|M jn) do 


=(23.0%). Do (aly ex 
m, M;, M;: 


¥ yl Jj Jd Gn Va 
«(a -—m Mi/\-M; -m Milo |M i). 


The polarization moments calculated by means of this matrix are 


PY = (-1) PEI (J, + 12S, + Dy : : ou. (48.17) 
f f . 


If the initial nucleus is unpolarized, so is the final nucleus, but there exists a 
correlation polarization, i.e. a polarization of the nucleus after emission in a 
specified direction. Putting p“ —~ 5/(2J; + 1) (and correspondingly wW(n) = 1/477) and 
calculating as in the derivation of (48.9), we obtain for the density matrix describing 
this polarization 


: 1, n\ — (73 _1\5itMpP j J alk Jj L - 
(MsaleIMin)= Qj +1 D r+, 1g) ow: eM) 


Js J i if L) 
«{% 7 { Dw), (48.18) 


The corresponding polarization moments are 


PY, = i(-1)' 42] + IVIL + I)2J, + I) x 


ee 


Only even-order moments occur (which is also a consequence of the conservation 
of parity already mentioned). 

If.the secondary nucleus in turn emits a photon, it will generate an anisotropic. 
distribution, being polarized. Since the polarization moments (48.19) depend on the 
direction n of the photon emitted in the first decay, there is a certain correlation 
between the directions of successively emitted photons (with an unpolarized 
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primary nucleus). Other correlation effects (of polarization, etc). in cascade emis- 
sion can be treated similarly.t 


PROBLEM 


Find the relation between the polarization moments ¥;,, P2, and the mean values of the angular 
momentum vector J and the quadrupole moment tensor Qik. 
SOLUTION. The reduced elements of the vector J and the tensor Qx are determined from 


PF = (JY QT +1), 
Qik = SHQIP 27 + 1); 


cf. QM, (107.10), (107.11). The operator Oix is expressed in terms of the angular momentum operators as 
in QM (75.2): 


ge Os acy Ait 
Qi = TOI — (JiJk + Si Ji — 33° 8ix). 


Hence we find the mean value 


ar 33Q” rapa — qif3 + DOI + 3) 
Qu = spay 1p 3) = Q'| 223 — 1) 


The reduced matrix elements are 


(JJ) = VU + QI + Dh, 
! 
_ [325+ DU + DOI +3) 
GHQi)= [=A Ee 


From (48.14) we now see that the polarization moments ¥), are equal to the spherical components of 
the vector 


, 
Vj (J +1) " 
and the moments #>, are equal to the spherical components of the tensor 


10J(2J - 1) ec 
33 +NQI+3)} Q 


§49. Radiation from atoms: the electric typet 


The energies of the outer electrons of an atom (which take part in optical 
radiative transitions) have, as a rough estimate, the order of magnitude E ~ me‘/h’, 
so that the radiated wavelengths A ~ hc/E ~ h’/ame’. The dimension of the atom is 
a ~ h’/me’. Thus, in the optical spectra of atoms, we generally have the inequality 
alk ~ a <1. The ratio v/c ~ a, where v is the velocity of the optical electrons, has 
a similar order of magnitude. 

Thus, in the optical spectra of atoms, a condition is satisfied which means that 


t A detailed account of these problems is given in the paper by A. Z. Dolginov, in: L. A. Sliv, ed., 
Gamma-luchi (Gamma Rays), USSR Academy of Sciences, Moscow 1961, pp. 523-681. 
+ In §§49-51 and 53-55, ordinary units are used. 
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the probability of electric dipole radiation (if this is allowed by the selection rules) 
considerably exceeds the probabilities of multipole transitions.t For this reason it 
is electric dipole transitions which are the most important in atomic spectroscopy. 
As has already been mentioned, such transitions are subject to strict selection 
rules as regards the total angular momentum J of the atom and the parity P:+ 


JJ’-J/sisJ+J’, (49.1) 
PP’=-—1. (49.2) 


The inequality |J'— J|<1 signifies that the angular momentum J can change only 
by 0 or +1; also, the transition 0-0 is forbidden by the inequality J +.J'2=1. The 
parities of the initial and final states must be opposite.§ 

The probability of emission by the transition nJM —n'J'M’' is determined by 
the corresponding matrix element of the dipole moment of the atom: 


3 
w(nTM > n'J'M’) = S25 ((n'J'M'|d_nlnIM)P, (49.3) 
w =w(ntJ on's’). 


On summing (49.3) over all values of M’= M —m (with M given), we obtain the 
total probability of emission with a given frequency from the atomic level n, J. The 
summation is carried out by means of (46.20), and the result 1s 


4w? 


‘yr l i a 
w(nJ > n'J') = shes 27 +1 \(n J I|d|InJ)|*. (49.4) 


The squared modulus of the reduced matrix element is sometimes called the 
transition line strength; it is symmetrical as between the initial and final states. 

The observed radiation intensity is found by multiplying w by hw and by the 
number N,, of atoms in the source which are at the excitation level concerned. For 
example, in a gas at temperature T this number is N,, « (2J + 1) exp(— E,,/T); the 
factor 2J + 1 is the statistical weight of the level with angular momentum J. 

Further deductions regarding transition probabilities in atomic spectra can be 
obtained only for specific kinds of atomic states. We shall not here discuss methods 
of calculating matrix elements where the degree of approximation has no clear 
theoretical significance, but simply derive some relations valid for a fairly large 
class of states (especially in light atoms) of the LS coupling type (see QM, §72). 
Such states are described not only by the total angular momentum but also by 
definite values of the orbital angular momentum L and the spin S, which in this 
case are conserved. 


+ Typical values of the dipole transition probability in the optical region of the spectra of atoms are of 
the order of 10° sec™' 

¢t We shall now denote the quantum numbers of the initial and final states by unprimed and primed 
letters respectively. The letters n,n’ will denote all the quantum numbers which define the state of the 
system, other than those shown explicitly. 

§ The parity selection rule was first established by O. Laporte (1924). 
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Since the dipole moment is a purely orbital quantity, its operator commutes 
with the spin operator, i.e. its matrix is diagonal with respect to the number S. For 
the number L, the dipole moment is subject to the same selection rules as any 
orbital vector (see QM, §29). Thus transitions between LS-type states are subject 
to the following selection rules (in addition to (49.1), (49.2)): 


S'-S=0, (49.5) 
IL'- LIS15L+UL’' (49.6) 


It should again be stressed that these rules are approximate, and no longer apply 
when the spin-orbit interaction is taken into account. 

The rule (49.5), which forbids transitions between terms of different multi- 
plicity, is valid not only for electric dipole transitions but for all electric transitions: 
the electric multipole moments of all orders are orbital tensors, and therefore their 
matrices are diagonal with respect to spin. For instance, for electric quadrupole 
transitions, in addition to the general rules 


\J'-J|/<2<J+J', PP'=1, (49.7) 
in the case of LS coupling we have the further rules 
S'-S=0, |L'-L|<2<L+L’. (49.8) 


The emission probability can be written in explicit form as a function of the 
numbers S, J, J'. This is done immediately by means of the matrix elements of 
spherical tensors in the addition of angular momenta. According to QM, (109.3), we 
havet 
EY J” 3S 


Kn'L'SJfd|mLSI)P = QF + Nas" + Hf a 


2 
Vkn'LidInLyp. (49.9) 


Substitution of this in (49.4) gives 


J' 


3 t 
w(nLSJ > n'L'SJ') = 2 (25+ D5 : 


2 
Tf kn'LildinLP, (49.10) 


with w = w(nLS > n'L'S).+ 
A sum rule can be derived for these probabilities. The squares of the 6j-symbols 
satisfy the summation formula (see QM, (108.7)) 


! ! 2 
oe A (49.11) 


5 Qu" + 1 L if ~2L+1 


+ The “angular momenta of sub-systems | and 2” in the formulae in QM, §109, are here to be taken 
as the orbital angular momentum and spin of the atom, whose interaction is neglected; the quantities f {2 
are represented by the orbital vector dy. 

+ In neglecting the spin-orbit interaction in the calculation of the matrix elements, we also neglect 
the dependence of the frequencies on J and J’, i.e. the fine structure of the initial and final levels of the 
atom. 
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Using this, we obtain from (49.10) 


: frrepn 40° 1 
> w(nLSJ > n'L'SJ') = 37 35744 


\(n'L'||d|\nL)|’. (49.12) 
This quantity is thus found to be independent of the initial value of J. 

For radiation from a gas whose temperature 1s much greater than the fine- 
structure intervals in the atomic term nSL, the states with different J are uniformly 
occupied, i.e. all values of J are equally probable. The probability that the atom is 
at a level with some definite value of J is then 


23 +1 
QL + h@s +h)’ Care 
i.e. iS equal to the ratio of the statistical weight of the level to the total statistical 
weight of the term nSL. Averaging the expressions (49.10) or their sums (49.12) 
with respect to these probabilities is equivalent to multiplying by the factor (49.13). 
This averaging will be denoted by a bar over the letter w. The total probability of 
emission of all the lines in a spectral multiplet (formed by all possible transitions 
between the fine-structure components of the two terms nSL and n'SL’) is the sum 


w(nLS > n'L'S) = > > w(nLSJ > n'L'SJ’). (49.14) 
J J" 
Since, of course, 


> (23 +1) =(28 + 12L 4+ 1), 
J 


the result obtained for the total probability agrees with (49.12). Thus the relative 
probability (which is the same thing as the relative intensity) of a single line is 


w(nLSJ >n'L'SS') _ QF + DQS'+) fF J’ 4 (49.15) 
w(nLS > n'L’S) 2S +1 J ike 
The analysis of the numerical values given by this formula shows that the 
strongest lines in the multiplet are those for which AJ = AL (called main lines, 
while the remaining components of the multiplet are called satellites). The intensity 
of the main lines increases with the initial value of J. 
Summation of the quantities (49.15) with respect to J' and J gives respectively 


» w(nLSJ > n'L'SJ') - oy 44 


w(nLS-n'L'S) = (2L +. 1)(2S + 1)’ 
(49.16) 


2 w(nLSJ = n'L'SJ') _ oJ! x 1 
w(nLS > n'L’S) (2L + 1)2S +1) 
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Thus the total intensity of all the lines in a spectral multiplet having a common 
initial or final level is proportional to the statistical weight of that common level. 

We may also consider the hyperfine structure of atomic spectral lines. The 
hyperfine splitting of atomic levels is due to the interaction of the electrons with 
the spin of the nucleus if the latter is non-zero (see QM, §122). The total angular 
momentum F of the atom (including the nucleus) consists of the total electron 
angular momentum J and the angular momentum I of the nucleus. Each component 
of the hyperfine structure of the level n,J has a different value of the quantum 
number F. 

The rigorous law of conservation of angular momentum now leads to a rigorous 
selection rule for the total angular momentum F: for electric dipole radiation, 


|F'- F|<1<F+F’. (49.17) 


But, in view of the extreme weakness of the interaction of the electrons with the 
spin of the nucleus, this interaction may be neglected in calculating the matrix 
elements of the electric (and magnetic) moments of the electron shell of the atom. 
Thus the previous selection rules regarding the electron angular momentum J and 
the electron parity remain valid also. In particular, the latter selection rule prohibits 
electric dipole transitions between hyperfine structure components of the same 
term: all these levels have the same parity, whereas such transitions can occur only 
between states of different parity. 

Since the dipole moment operator commutes with the nuclear spin, the depen- 
dence of the matrix elements on the numbers | and F can be found explicitly, the 
calculations differing only by an obvious change of notation from those given 
above for LS coupling. The probability of emission, summed over the final values 
of the component of the total angular momentum F, is 


4w° 


; 1 
w(nJIF —>n'J'IF ) = 3hcd aF+1 \(n 


‘J'IF '\d\\nJIF YP, 


(49.18) 
w = w(nJ -n's'), 


and the square of the reduced matrix element is 


‘aD 


Kn'J'IF'ld\\nJIF)? = (2F + 1)(2F' + mY a? 


I 2 
i} n’F'd|ndyP. (49.19) 


PROBLEM 


The majority of the lines in the spectra of the alkali metals can be described as resulting from 
transitions of a single outer (optical) electron in the self-consistent field of the rest of the atom, which 
forms a configuration of closed shells; the state of the atom is governed by LS coupling. Under these 
conditions, determine the relative intensities of the fine structure components of the spectral lines. 


SOLUTION. The total angular momenta L and S =} of the atom are equal to the orbital angular 
momentum and spin of the optical electron. The parity of the state is therefore (—1)" (the parity of the 
closed configuration of the rest of the atom being positive). The parity selection rules therefore forbid 
the dipole transition with L’ = L, and so only transitions with L'-— L = + 1 are possible. The transitions 
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are ee J=L +! 
nt 


Jala, 


Jeka4 


Fic. 1. 


between components of the doublet levels n, L and n’,L—1 give only three lines, because of the 
selection rule for J (Fig. 1). Their relative intensities (denoted by a, b, c) are most simply determined 
from the rules (49.16), instead of using (49.15) directly. The ratios of total intensities of lines having each 
initial (or final) level give two equations 


b+c  2L a+b 2L 


a 2L+2’ ec 2L-2’ 


whence 
a:b:c =(L+1)2@L—1):1:(L-)QL +1). 


If L = 1, the lower level is unsplit, line c does not appear and a/b = 2. 


§50. Radiation from atoms: the magnetic type 


The magnetic moment of an atom is equal, in order of magnitude, to the Bohr 
magneton: pu ~ eh/mc. This differs by a factor a from the order of magnitude of the 
electric dipole moment, d ~ ea ~ h’/me (since v/c ~ a, we have yz ~ du/c, as is to be 
expected). Hence it follows that the probability of magnetic dipole (M 1) radiation 
from the atom is about a’ times less than that of electric dipole radiation at the 
same frequency. The magnetic radiation is therefore important in practice only for 
transitions forbidden by the selection rules for the electric case. 

The ratio of the probability of electric quadrupole (E2) radiation to that of M1 
radiation is, in order of magnitude, 


(50.1) 


the quadrupole moment ~ea’, E ~ h’/ma’ is the energy of the atom, and AE the 
change in energy in the transition. We see that, for medium atomic frequencies (i.e. 
when AE ~ £), the probabilities of E2 and M1 radiation are of the same order of 
magnitude (assuming, of course, that both are allowed by the selection rules). If, 
however, AE <E (as for transitions between fine structure components of the 
same term), then M1 radiation is more probable than E2. 

The magnetic dipole transitions are subject to the rigorous selection rules 


|JJ'-J{[s1sJ+J’, (50.2) 
PP'=1,. (50.3) 
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For LS coupling, there are additional selection rules, which are even more 
restrictive than in the electric case. This is because of a particular property of the 
magnetic moment of the atom, which arises from the fact that all the particles 
(electrons) in the system are identical: the magnetic moment operator of the atom 
can be expressed in terms of the total orbital and spin angular momentum 
operators: 


ji = po (L + 28) = — po(J +8), (50.4) 


where po =|elh/2mc is the Bohr magneton (see QM, §113). Owing to the con- 
servation of total angular momentum, the operator J has only matrix elements 
which are diagonal with respect to the energy, and in considering radiative tran- 
sitions it is therefore sufficient to put pi = — poS.t 

The angular momenta L and S are separately conserved when the spin-orbit 
interaction is neglected. The spin operator is therefore diagonal in all the quantum 
numbers n, S, L which belong to the unsplit term. In order for a transition to occur 
at all, the number J must change. The selection rules are consequently 


n'=nh, S'=S, L’=L, J'-JHH+, (50.5) 


l.e. transitions are possible only between fine structure components of a single 
term. 

The emission probability can be calculated exactly in this case. By an ap- 
propriate change of notation in formula (49.10), we obtain 


3.2 t Z 
w(nLSJ > nLSI’) = SAP ay’ + 19 ‘| IK SI|SIS)/. 


The reduced spin matrix element with respect to the spin eigenfunctions is 
(S||S||S) = V[S(S + DQS + 1); (50.6) 
see QM, (29.13). The 6j-symbol is 


{ J~-1 Ts (2+8$4+F34+1(b+S-JF4+I(L-S+IyS—- L+J). 
1 


J S S(2S + 1)QS + 2)(2J — 1)2I(2J + 1) 
(50.7) 
see QM, §108, Table 10. The result is then 
w(nLSJ - nLs, J —1)= = - w(nLs, J-1-nLSJ) 
ara (L+S+J+1(L+S—-J+1)x 
3hc“(2J + 1)J 
x(J+S-—L)\J+L-—S). (50.8) 


t+ An exception occurs in cases where the electronic angular momentum J of the atom is not 
conserved: when the hyperfine structure is taken into account, when an external field is present, and so 
on (see the Problems). 
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Transitions between hyperfine structure components of one level (whose 
frequencies are in the radio wave range) cannot occur as electric dipole transitions, 
since all the components have the same parity. E2 and M1 transitions involve no 
change of parity. But, owing to the relatively very small intervals in the hyperfine 
structure, E2 radiation has a low probability compared with M1 (cf. (50.1)), so that 
these transitions occur as magnetic dipole transitions. 


PROBLEMS 


PROBLEM |. Find the probability of an M1 transition between hyperfine structure components of a 
single level. 


SOLUTION. The transition probability is given by formulae (49.18), (49.19), in which the diagonal 
reduced matrix element (nJ||u|/nJ) of the magnetic moment will now appear. Its value can be written 
down immediately by noting that the total (not reduced) matrix element (nJM|,/|nJM) determines the 


splitting of the relevant level by the Zeeman effect (see QM, §113), and is — progM, where g is the Landé 
factor. The reduced matrix element is (see QM, (29.7)) 


(nJ |e |lnJ) = a VJ + QS + I) nJIM||u:|\nJM) 
=~ poe V[(J(J + DQ + Dj. 
The required probability is thus found to bet 


2F +1 
2F -1 


w(nJIF > nJI, F —1)= w(nJI, F —1—>nJIF) 


Bo 22 
___ w pog 7 7 - 
"SOF EDES © or ee OE Ea Td) 


This expression differs from (50.8) only by an obvious change of notation and the extra factor g’. 


PROBLEM 2. Find the probability of an M1 transition between Zeeman components of a single 
atomic level. 


SOLUTION. This is a transition M—M —1 with the values of n and J unchanged; the transition 
frequency is (see (51.3) below) hw = pogH, where g is the Landé factor. The matrix element of the 
spherical component w-: of the vector p is 


-M+1\J + 
KJ, M = Upe-ilnIM) = Seopa py nda 


=~ pog V(X — M + 1)(J + M)) 


(see QM, (27.12), and Problem 1). The transition probability is 


4 3 
w = ane KnJ, M — I|-i]nJM)/? 


_ 2naH? (5 —~M+1\J+M) 
hoc ; 


t An interesting example is the transition between the hyperfine structure components of the ground 
level (154) of the hydrogen atom, where both E1 and E2 transitions are strictly forbidden, the latter by 
the rule which prohibits a quadrupole transition with J+J’'=1. This transition has a frequency 
w = 2 x 1.42 x 10’ sec ' (wavelength A = 21 cm). Putting g = 2, 1 =}, J =}, F =1, F' = 0, we obtain 


w= 4u' pn V3Ac? = 2.85 x 10°" sec. 
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§51. Radiation from atoms: the Zeeman and Stark effects 


In an external magnetic field H (assumed weak), each atomic level with total 
angular momentum J is split into 2J + 1 levels, 


Emu = E® + LogMH, (51.1) 


where E is the unperturbed level, wo the Bohr magneton, g the Landé factor, and 
M the component of J in the direction of the field (see QM, §113). Thus the 
degeneracy with respect to directions of the angular momentum its entirely 
removed. 

Spectral lines resulting from transitions between two split levels are cor- 
respondingly split. The number of components of the line is determined by the 
selection rule for the number M, according to which, for dipole radiation, we must 
have 


m=M—M’'=0,+1. (51.2) 


In addition to this rule, the transitions with M = M’'=0 are forbidden if also 
J'=J. This is seen immediately from the general expressions (QM, (29.7)) for the 
matrix elements of an arbitrary vector. 

The components resulting from transitions with m =0 and m = +1 are called 7 
and o components respectively. Their frequencies are 


hw, = ho” + poH (g — g')M, 


(51.3) 
ho, = hw + poH[gM — g'(M +1)]. 
In the particular case where g = g’, we have 
hw, = hw, hw, = hw = poeH, (51.4) 


whatever the value of M;; thus, in this case, the line is split into a triplet with an 
undisplaced 7 component and two o components lying symmetrically on either 
side of it (called the ‘“‘normal” Zeeman effect). 

The total probability (for all directions) of emission of-radiation is proportional 
to the squared modulus |(n'J'’M'|d_,,|nJM)|’. Hence, using formula (46.19) with 
j=1, we see that the relative probability of emission of each of the Zeeman 
components of the spectral line is 


’ 2 
at az s19 


In the particular case of the “‘normal’’ Zeeman effect there are only three 
components, each arising from transitions with all initial values of M for given m. 


Since 
J’ I ae ae | 
Lee ie m Sy) a (51.6) 
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(see QM, (106.12)), the emission of all three components is equally probable in this 
case. 

The relative intensity of the Zeeman components when observed in a particular 
direction (relative to the direction of the magnetic field applied to the source) is of 
greater interest, however. According to (45.5), the probability of emission (and 
therefore the line strength) in a given direction n is proportional to = |e* - d,|’ 
where the summation is over the two independent polarizations e which are 
possible for a given n. 

For observation along the field (along the z-axis), this sum is 


9 


(d,.)si|? a (dy )yil’, 
or, in spherical components, 
\(di)yi|? + [Cd_a)yil’- 


This means that only the two o components (m =+1) are observed in the 
longitudinal direction (along the field). Their intensities are proportional to 


yr - we 
es i. By (51.7) 


These lines have definite values of the component m of the angular momentum in 
the direction of propagation, and either right-hand (m = 1) or left-hand (m = — 1) 
circular polarization (see §8). 

For observation in a direction perpendicular to the field (along the x-axis, say), 
the intensity is proportional to the sum 


(dz gil? + |(dy gil? = [dod gil? + 2I(digil? + [Cd-gilP- 


Thus two o components and a mw component are observed in the transverse 
direction, with respective intensities proportional to 


lj J’ 1 [ Jt Sy Ne 
ee +1 er, and nl 0 2h) One) 


the intensities of the o components are half as great as in the case of longitudinal 
observation. The zw component is linearly polarized along the z-axis; the o 
components, as observed in this direction, are linearly polarized along the y-axis. 

The relative intensities of the Zeeman components are seen to be entirely 
determined by the initial and final values of J and M, and not by any other 
properties of the levels. 

The selection rules forbid electric dipole transitions between Zeeman com- 
ponents of the same level, since all these have the same parity. Such transitions 
occur as magnetic dipole transitions, for the same reason as was mentioned at the 
end of §50 in respect of transitions between hyperfine structure components of a 
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level. Because of the selection rule for the number M, the transitions occur only 
between adjacent components (M’— M = +1).7 

The splitting of atomic levels in a weak electric field (the Stark effect), unlike 
that in a magnetic field, does not cause complete removal of the degeneracy with 
respect to directions of the angular momentum. All the levels except those with 
M =0 remain doubly degenerate, each corresponding to two states with angular 
momentum components M and —M. 

The calculating of the relative intensities of the Stark components of a spectral 
line is exactly similar to that given above for the Zeeman effect.¢ It must be remem- 
bered that the intensity of the m components includes contributions from the 
transitions M—>M and —M—-—M (when M#0O), and that of the 0 components 
includes contributions from the transittons M>M+1 and -~-M—>-(M +1). 
Hence, for example, in transverse observation the intensities of the 7 components 


are proportional to 
5 Ee 1 J ) 
M O —-M/7’ 


and those of the o components are proportional to the sums 


s( J' l J ) +3( J’ l vy =| A 1 J ) 
2\M+1 471 —-M 2\-M7+1 +1 M/) \Mz=+1 1 -M 


(when all the numbers in the second row change sign, the 3j-symbols can at most 
change sign, so that their squares are unaltered). 

In an external field, even if it is weak, the total angular momentum J is no 
longer strictly conserved; in a uniform field, only the angular momentum component 
M is exactly conserved. Thus, in radiative transitions in a weak field, the con- 
servation of angular momentum need not be rigorously maintained, and the atomic 
spectra may contain lines which are forbidden by the usual selection rules. 

The calculation of the intensities of these lines is equivalent to the calculation 
of the corrections in the dipole moment matrix, which in turn requires the 
determination of corrections to the wave functions of stationary states. In the first 
approximation of perturbation theory (with respect to the weak external field), the 
wave function includes ‘‘admixtures” of states which are connected to the initial 
state by non-zero matrix elements of the perturbation (—E-d in the electric field): 
the admixture of a state ys in a state yy is 


—-E . d>, 
E, — E, Wo. 


+ The frequencies of these transitions are usually in the range corresponding to centimetre 
wavelengths, and are observed in absorption and induced emission (electron paramagnetic resonance): 
the absorbing atoms are in a strong constant magnetic field (which causes the Zeeman splitting) and a 
weak radio-frequency field of the resonance frequency. 

+ This refers to the quadratic Stark effect, which occurs in all atoms except hydrogen (see QM, §76). 
The field is assumed so weak that the level splitting which it causes is small even in comparison with the 
fine structure intervals. 
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Thus the matrix element of the “forbidden” transition contains a term 


—(E + do)ds2 
E,— E, 


which is not zero if transitions from the “‘intermediate’”’ state 2 to the initial state 1 
and final state 3 are allowed. 


§52. Radiation from atoms: the hydrogen atom 


The hydrogen atom is the only one for which the transition matrix elements can 
be completely calculated in an analytical form (W. Gordon, 1929). 

The parity of a state of the hydrogen atom is (-1)’, i.e. is uniquely determined 
by the orbital angular momentum of the electron (the number I, which defines the 
parity of the state, retains its significance for the exact relativistic wave functions, 
i1.e. when the spin-orbit interaction is taken into account). The parity selection rule 
therefore strictly forbids electric dipole transitions without change of 1; only 
transitions with |>1+1 are possible. There is, however, no restriction on the 
change in the principal quantum number n. 

The dipole moment of the hydrogen atom is equivalent to the position vector of 
the electron: d= er. Since the electron wave function in the hydrogen atom is the 
product of an angular part and the radial function R,,;, the reduced matrix elements 
of the position vector can also be written as the product 


(n', L—Afriint) = CL — ao) | Ry 1arRur? dr, 
0 
where (i -— Illvlll) are the reduced matrix elements of the unit vector v in the 
direction of r. These are 
(1 = Ajo] = (Ifo - 1)* = iV, 
see QM, (29.14). Thus 
(n', 1— Urn) = —(nllirl|n’, | — 1) = iV | Rye -\Rur? dr. (52.1) 
0 
The non-relativistic radial functions of the discrete spectrum of the hydrogen 


atom are given in QM, (36.13):t 


a 2 (n+l)! ee 
Ru = (PUTED! in-1- nie? é F( n+1+1,21+2,2rjn). (52.2) 


t In the present section, atomic units are used. In ordinary units, the expressions given below for the 
matrix elements of the coordinate are multiplied by h’/me? (or by h?/mZe’ for a hydrogen-like ion with 
atomic number Z). 


§52 Radiation from Atoms: The Hydrogen Atom 193 


The integral in (52.1), containing the product of two confluent hypergoemetric . 
functions, is calculated by means of the formulae in QM, 8f.t The result is 


: (=D"7 (n+ Mn’ +1 VD! Gann = n'y? 
(n= Ipolinty = V1 GSD (Da Gana 


x {F(- n+1+1,-n'+1,2l, -—4nn'/(n —n'y)- 


x 


-( a ‘) F(-n+I1-1,-n'+1,21, —4nn'(n— n'y}, (52.3) 


where the F(a, B, y, z) are hypergeometric functions. Since the parameters a and B 
in this case are negative integers or zero, these functions reduce to polynomials. 

For reference, the following are the expressions obtained from (52.3) in some 
particular cases (the values of | being indicated by the spectroscopic symbols 
§, Dy Aysiee)t 


2 n(n be 1)" 
2 = : 
1 s||rllnp)| (n + pe 


2" n(n? = 1)(n ate Qa 


2s|rllnp | = —— payee (52.4) 
_ 2° (n? —1)\(n- 2" 
(pir \Ind)?) = "Sa 


2°n?(n — ay 
2 = 
K2plirins)P = re, 


Formula (52.3) is not applicable to transitions with no change in the principal 
quantum number n (transitions between the fine structure components of a level). 
In this case (n = n’), the integration is carried out by expressing the radia! functions 
in terms of generalized Laguerre polynomials: 


nen bltetn eG) UG). 


In the integral 


io 2) 


| R,-iRyr? dr & | ep? Up)! (p) do, 


0 


we replace one of the polynomials by its expression in terms of a generating function 
(see QM, §d): 


: +)! >» 3i/d n-I-] er 
Livi (p) =~ eae? ‘ (G) (e°p"*'). 


+ In the notation used there, we have to calculate the integral J3/..(-n +1+1,—n'+1). This is done 
by means of formulae (f.12}+(f.16). 

+ Numerical tabulations of the matrix elements and transition probabilities for hydrogen are given 
by H. A. Bethe and E. E. Salpeter, Handbuch der Physik 35, 88-436, Springer, Berlin, 1957. 
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After n —1— 1 integrations by parts, we obtain an integral of the form 


fo] 


7 : d n-I-1 _ 
| e-"p° Ge) (pL is1-1(p)) dp, 


0 


in which we replace the Laguerre polynomial by its explicit form: 


m —(—1\n ini n (—p)* 
Lr(p)=(-1)"! (, ) - 


After the differentiation in the sum, only three terms remain, and the integration is 
then elementary. The result is simply 


(n, 1 —Affrilnl) = iV 1 -3nV(n?- LP). (52.6) 


The integral 


fe 0) 


[ RewRur? dr = | Xn 1-1(rXnt) dr, 
0 


0 
where xn = rR, is the coefficient in the expansion of the function ry, in terms. of 
the orthogonal functions y,:.)-; (n’'=1,2,...). The sum of the squared moduli of 


these coefficients is equal to the integral of the square of the expanded function.t 
Hence 


> Ka’, l= ifjrinly? =! | ryan dr. (52.7) 
0 


Using the known expression for the mean square of r in the state nl (see QM, 
(36.16)), we obtain the sum rule 


> Kn’, 1 = Arlt? = aln?[Sn? + 1-311 + 1). (52.8) 


For given n,! and large n', the matrix element of the transition nl —n'l’ 
decreases according to 


K(n'U'r||nl)? x 3/n”, (52.9) 
as can be seen both from the particular expressions (52.4) and from the general 
formula (52.3). This result is to be expected: the Coulomb levels of energy 


E’'=-—1/2n” have an almost continuous distribution when n’ is large, and the 


+ The summation is over states of both the discrete spectrum and the continuous spectrum. 
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probability of a transition to a level in the interval dE’ is proportional to the density 
of these levels, which in turn is proportional to n’’. 

The Stark effect in hydrogen has the peculiarity that the splitting is proportional 
to the first power of the electric field (QM, §77). Here the field is assumed to be 
both weak enough for perturbation theory to be applicable and such that the level 
splitting is large compared with the fine structure of the levels. Under these 
conditions, the magnitude of the angular momentum is not conserved, and the 
levels have to be classified by the parabolic quantum numbers nj, n2, m. The last of 
these, the magnetic quantum number m, again determines the component of the 
orbital angular momentum along the z-axis (the direction of the field), which is 
conserved under the conditions stated (neglecting the spin—orbit interaction). It is 
therefore governed by the ordinary selection rule 


m'—m=0,+1. (52.10) 


There is no restriction on the changes in n, and np. 

The matrix e:ements of the dipole moment in parabolic coordinates can also be 
calculated analytically. The resulting formulae, however, are very lengthy, and will 
not be given here.t 


PROBLEMS 


PROBLEM |. Find the Stark splitting of hydrogen levels when it is small compared with the fine 
structure intervals (but large compared with the Lamb shift). 


SOLUTION. Under the conditions stated, there remains a twofold degeneracy of the unperturbed 
levels with |=j+3, and the Stark splitting is therefore again linear in the field. The splitting A is 
determined from the secular equation 


~A ~ E(dz)i2 


-E(da)n -aA JO A EMD uls 


the suffixes | and 2 correspond to states with | = j +3 and a given magnetic quantum number m; the 
perturbation V = — Ed, is diagonal in m and has no elements diagonal in |. The matrix element of the 
orbital quantity d, is calculated by means of formulae (29.7) and (109.3) in QM: 


: Behe m ihe 
(1-1, m|dslilm) = Te aye py Se! Mlallib, 
ee ne renee oe ae) 

Gitlin =- i+ nf) 1 aha ~ tla. 


where we must put | = j +3; the quantity (I — I|ld||l) is taken from (52.6), and the result is 


2iVin?- G+ DIE 


PROBLEM 2. Determine the probability of photon emission in the transition 2sj> 15s) of the 
hydrogen atom (G. Breit and E. Teller, 1940). 


SOLUTION. The process Is strictly forbidden by parity for an El transition, and by the rule (46.15) 
for an E2 transition. We have therefore to calculate the probability of an M1 transition, given by (47.5). 


t These formulae and the corresponding numerical tabulations are to be found in the work by Bethe 
and Salpeter cited above. 
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In the present case (1 =0), however, the magnetic moment is a purely spin quantity, and its matrix 
element is zero if the spin-orbit interaction is neglected, because of the mutual orthogonality of the 
orbital wave functions with different principal quantum numbers. This means that, to obtain a result 
other than zero, the Pauli’s equation approximation is insufficient, and we must start from the complete 
Dirac’s equation. . 

In the standard representation of the wave functions, the transition current ist 


ji = Pha = dfoaxi t+ x Jodi. 


According to (35.1), (24.2) and (24.8), the wave functions of the states with | = 0, j = } are 


. () - is @ tre ww(m)) 


where n = r/r, and w(m) is areal three-dimensional unit spinor corresponding to the spin projection value m. 
Thus 


| 
i= TG {figiwsa(o « n)wi — gifiws(o + nowi}. 
Substituting this in (47.4) and carrying out the integration over the directions of n, we find 
wy = — (e/6i) wo X owl = —jewowil 


(from the Pauli matrix commutation rules, o X o = 2iga); here 


I = | re + far dr. (1) 
0 


The photon emission probability (47.5), summed over the values of my, is 
w = (4e?w'/27) wie’ wil’ = 4e7wI’/9. (2) 


From (35.4) we have, with « = — 1. 
et+mt+a/r 2m 
in the second term, the exact function f is replaced by the non-relativistic radial function R. With the 
approximation g = R'/2m, the integral 
p= | (RRP dr = — | R/Rir? dr =0 (3) 
2m 2m , 
0 0 
since Ry and R; are orthogonal. In the next approximation, using (3), we find 
I ; 1 ; a ' 
I= ry | (Of rfi) r>dr+ 4m | {RjRi(ei — €7) — ms (R;Ri) }r° dr. (4) 
0 
Since, from the orthogonality of the exact functions ; and yy, when «i = Ky, 


| (fif; + gigy)r’ dr = 0, 
0 


t In this Problem, relativistic units are used. 
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the first term in (4) may be written, after integration by parts, as 


x 


os fy eae ee ee | ‘Rir’ 
m [ tur ar =| ger dr~ 35 R;Rir’ dr. 
0 0 


0 
A calculation of the integral, with the functions 
Ry = A(ma)ye"", Ri = (1/V2)(ma)(1 — }mar)e 2" 
(see QM, §36) and the energy difference 
wW=eE- ef = sma2(1 — 1/2?) =ime’, 
gives I = 2°’a’/9m. Hence the transition probability is (in ordinary units) 


2arh’w>— me’a'' 


— — = ~6 = 
w mic xa §.6xX10°sec . 


The corresponding lifetime of the 2s! state is very long, and in practice it is much more likely that 
de-excitation will occur by the simultaneous emission of two photons; see the next-to-last footnote to 
§59. 


§ 53. Radiation from diatomic molecules: electronic spectra 


The specific features of molecular spectra are mainly due to the partition of the 
energy of the molecule into electronic, vibrational and rotational parts, each of the 
latter two being small compared with the previous one. The level structure of 
diatomic molecules has been described in detail in QM, Chapter XI. Here we shall 
consider the resulting pattern of the spectrum and the calculation of line strengths.t 

Let us take first the general case, in which the electronic state of the molecule 
(and therefore also, in general, the vibrational and rotational states) changes in the 
transition. The frequencies of such transitions lie in the visible and ultra-violet 
regions of the spectrum. They are spoken of collectively as the electronic spectrum 
of the molecule. We shall always be considering electric dipole transitions; those of 
other types are of little importance in molecular spectroscopy. 

As with dipole transitions in any system, the following selection rule applies to 
the total angular momentum J of the molecule: 


'-J|<isJ+J’. (53.1) 


In the present case, the strict selection rule regarding the parity of the system 
corresponds to a selection rule regarding the sign of the level. (In the customary 
terminology of molecular spectroscopy, states having wave functions which do or 
do not change sign on inversion, i.e. when the coordinates of the electrons and the 
nuclei change sign, are called negative and positive states respectively.) Thus we 
have the rigorous rule 


ge et (53.2) 


t The discussion below is based on QM, §§78 and 82-88. For brevity, we shall not make constant 
reference to those sections. 
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If the molecule consists of identical atoms (with nuclei of the same isotope), the 
levels can be classified with respect to interchange of the coordinates of the nuclei: 
symmetric (s) levels, with wave functions which do not change sign under this 
transformation, and antisymmetric (a) levels, with functions which do change sign. 
Since the electron dipole moment operator is unaffected by this transformation, its 
matrix elements are non-zero only for transitions without change of this sym- 
metry:T 


s>S, a->a. ($3.3) 


This rule is not absolutely rigorous, however, since the existence of a given 
symmetry property of a level depends on a certain definite value of the total spin I 
of the nuclei in the molecule. Owing to the extreme weakness of the interaction 
between the nuclear spins and the electrons, the spin I is very nearly conserved, 
but not exactly. When this interaction is taken into account, I does not have a 
definite value, the symmetry property (s or a) is not conserved, and the selection 
rule (53.3) no longer applies. 

The electron terms of a molecule consisting of identical atoms are also described 
by their parity (g or u), 1.e. the behaviour of the wave functions when the electron 
coordinates (measured from the centre of the molecule) change sign while the 
coordinates of the nuclei remain unchanged. This property is closely related to the 
nuclear symmetry and the sign of the rotational levels belonging to this term. The 
levels which belong to an even (g) electron term can be s+ or a-—, and those 
belonging to an odd (u) term can be s — or a+. The rules (53.2) and (53.3) therefore 
give the further rule 


gu, u— g. (53.4) 


The rule (53.4) remains approximately valid for molecules consisting of different 
isotopes of the same element. Since the nuclear charges are equal, we can consider 
the electron term with fixed nuclei, and thus have a system of electrons in an 
electric field which possesses a centre of symmetry at the midpoint of the line 
joining the nuclei. The symmetry of the electron wave function with respect to 
inversion in this point determines the parity of the term, and since the electric 
dipole moment vector changes sign under this transformation, we arrive at (53.4). 
The rule as derived in this way is only approximate, because the nuclei have been 
regarded as fixed, and it therefore ceases to be valid when the interaction between 
the electron state and the rotation of the molecule is taken into account. 

Further selection rules depend on specific assumptions concerning the relative 
magnitude of the different interactions in the molecule (i.e. the type of coupling), and 
therefore can only be approximate. 

The majority of the electron terms in diatomic molecules belong to coupling 
type a or b. Both these have the property that the coupling of the orbital angular 
momentum with the axis (the electric interaction between the two atoms in the 
molecule) is large compared with all other interactions. The quantum numbers A 


+ This rule is clearly valid for transitions of any multipole order. 
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and S therefore exist, these being respectively the component of the orbital angular 
momentum of the electrons along the axis of the molecule and the total spin of the 
electrons. The operator of an orbital quantity, the electron orbital angular momen- 
tum, commutes with the spin operator, so that 


S'~S=0 (cases a and b). (53.5) 
The change in A must satisfy the selection rule 
A’-A=0,+1 (cases a and b), (53.6) 
and for transitions between states with A = 0 (& terms) there is a further rule 
~*>*, ZY —>z (cases a and b). (53.7) 


(The states %* and = differ as regards behaviour under reflection in a plane 
through the axis of the molecule.) The rules (53.6), (53.7) are obtained by consider- 
ing the molecule in a system of coordinates fixed to the nuclei (see QM, §87); the 
rule (53.6) is analogous to the selection rule for the magnetic quantum number in 
atoms. 

The coupling types a and b differ as regards the relation between the spin—axis 
interaction energy and the rotation energy (the intervals between rotational levels). 
In case a the former is greater, in case b it is much smaller. We shall now examine 
these cases separately. 

Case a. Here the quantum number > exists, which is the component of the total 
spin along the axis of the molecule (and therefore so does the number 0 =2+A, 
the component of the total angular momentum). If both the initial state and the final 
state belong to case a, then we have the rule 


>’-Y=0 (case a), (53.8) 


which follows from the fact, already mentioned, that the dipole moment commutes 
with the spin. From (53.6) and (53.8) it follows thatt 


Q'-Q =0, +1. (53.9) 


If = 0’ =0, then in addition to the general rule (53.1) the transitions with J’ = J 
are forbidden:¢ 


J'-J =+1when0Q=0'=0 (case a). (53.10) 


t This rule remains valid in case c also (where the coupling of the orbital angular momentum with 
the axis is small compared with the spin-orbit coupling) although the numbers A and & do not separately 
exist. 

+ This rule is analogous to the prohibition of atomic transitions with J = J’ when M = M'=0 (see 
$51}, but that rule was of possible interest only in the presence of an external field. Here the rule follows 


Ammediately from formula (53.12) below; the 3j-symbol i ; 0) is zero if J'=J, since the sum 
J'+J+1 is odd. 
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Let us consider transitions between any two specified vibrational levels belong- 
ing to two different electron terms (of type a). When the fine structure of the 
electron term is taken into account, each of these levels splits into several 
components, the number of which, 2S + 1, must be the same for both, according to 
the rule (53.5). According to the rule (53.8), each component of one level combines 
with only one component of the other level, having the same value of %. 

Let us next take a pair of levels with the same 3; the values of 0 and 1’ can 
differ (like A and A’) by 0 or +1. When rotation is taken into account, each level 
splits into a series of levels with different values of J and J' in the ranges J = |QI, 
J'2|Q'|. The dependence of the transition probabilities on these numbers can be 
derived in a general form (H. Honl and F. London, 1925). 

The matrix element of the transition nAQJM; > n'A'CO'J'M 5 (where n denotes the 
characteristics of the electron term other than 1 and A) is 


Kn'A'Q’J'M jd, |n AQJM;)| = 


: ) Yo, gyro. d\ oe 
= Vi(2I + IJ +DI( “9 : alae ; wy, )Kn’A'Idaln A)}, (53.11) 


where d, and d, are respectively the spherical components of the dipole moment 
vector in the fixed coordinate system xyz and in the ‘“‘moving”’ system &n¢ with the 
f-axis along the axis of the molecule. This formula is derived by means of QM, 
(110.6). The matrix elements (n'A’'|d,|nA) are independent of the rotational quan- 
tum numbers J,J', and depend only on the characteristics of the electron terms 
(and in this case are also independentt of the number %; the numbers N’ = A’+ > 
and (= A+ are therefore omitted in the notation for the matrix element. 

The probability of the transition nAQJ > n'A’'Q)'J' is proportional to the square 
of the matrix element (53.11) after summation over Mj. Using the formula QM 
(106.12): 


> 1 AL 1 
f,\-M;i q M; 2F +1 


we obtain 


J’ l J 


2 
SiG) BO: CD 


w(nAQJ > n'A'Q'S') = (20+ 1)( 


where the coefficients B are independent of J and J’ (we are, of course, neglecting 
the relatively very small difference in the frequencies of transitions with different J 
and J’). 


+ This can be shown in the same way as was done for the scalar f in QM, beginning of §29. In the 
present case the operator of the vector quantity d commutes with that of the vector S, which is 
conserved (in the zero-order approximation), and % is the component of § along the ¢-axis in the rotating 
coordinate system in which the condition of commutability of d and § has to be considered. 

t Each of the rotational levels J considered splits into two when A-doubling is taken into account; 
one of the two is positive and the other negative. Thus, instead of one transition J >J', we have, using 
the selection rule (53.2), two transitions: from the positive and negative components of the level J to the 
negative and positive components, respectively, of the level J'. The probabilities of these transitions are 
equal. 
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If we sum (53.12) with respect to J', then (because of the orthogonality of the 
3j-symbols, QM (106.13)) the result is simply B(n’,n; A’, A). Thus the total 
probability of transitions from a rotational level J of thé state 2 to all levels J’ of 
the state 0’ is independent of J. 

Case b. Here the quantum number K exists, which is the angular momentum of 
the molecule without regard to its spin, as well as the total angular momentum J. 
The selection rules for K are the same as the general selection rules for any orbital 
vector quantity (such as the electric dipole moment): 


|K'-K|<1=K+K’' (case b), (53.13) 


together with the prohibition of a transition with K = K’ when A= A’=0 (cor- 
responding to (53.10)): 


K'-K=+1 when A=A’'=0. (53.14) 


Let us consider transitions between rotational components of specified vibra- 
tional levels of two electron states belonging to type b. The probabilities of such 
transitions are given by the same formula (53.12), with K and A instead of J and Q. 
When the fine structure is taken into account (for S#0), each rotational level K 
splits into 2S +1 components with J =|K—Sl|,...,K +S, and so a multiplet 
appears in place of the single line J — J’. Since in this case we have addition of the 
angular momenta K and S, which are free (i.e. not coupled to the axis of the 
molecule), the formulae for the relative transition probabilities for the various lines 
in the multiplet are the same as the corresponding formulae (49.15) for the fine 
structure components of atomic spectra, where the corresponding angular momenta 
(in the case of LS coupling) are L and S. 

Thus we have examined the selection rules governing the possible spectral lines 
in all the fundamental cases that can occur in diatomic molecules. 

The group of lines arising from transitions between rotational components of 
two given electronic-vibrational levels forms what is called in spectroscopy a band; 
the lines in a band are very close together, because the rotational intervals are 
small. The frequencies of these lines are given by the differences 


hw); = constant + BJ(J + 1)— B'J'(J' + 1), (53.15) 


where B and B’ are the rotational constants in the two electronic states; in order to 
avoid unnecessary complications, the electron terms are assumed to be singlets. For 
J'=J,J +1, formula (53.15) is represented graphically (Fig. 2) by three parabolic 
branches, whose points for integral J give the values of the frequencies. (The 
arrangement of the branches in Fig. 2 corresponds to the case B’ < B. If B’ > B, their 
open ends are towards small values of w, and the branch with J'=J-—-1 is the 
highest.)t The existence of a branch which passes through an apex is seen from the 
diagram to cause the lines to become increasingly dense towards a certain limiting 
position (the head of the band). 


+ The series of lines corresponding to transitions with J'=J+1,J,J-—1 are called the P. Q and R 
branches respectively. 
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In connection with line strengths, mention should be made of the curious effect of 
alternating intensities in certain bands of the electronic spectra of molecules 
consisting of atoms of the same isotope (W. Heisenberg and F. Hund, 1927). The 
symmetry conditions pertaining to the nuclear spins have the result that, in the 
electron % terms, the rotational components with even and odd K have opposite 
symmetry with respect to the nuclei, and therefore different nuclear statistical weights 
g; and g, (see QM, §86). According to the rule (53.14), only J’ = J +1 is allowed in 
transitions between the two different > terms, and according to the rule (53.4), one of 
the & terms must be even and the other odd. The result is that, for a given value of 
J'—J, transitions with successive values of J take place alternately between pairs of 
symmetric levels and pairs of antisymmetric levels, as shown in Fig. 3 for the example 
of the states &7 and 2%. The observed line strength is proportional to the number of 
molecules in the initial state concerned, and therefore to its statistical weight. Thus the 
intensities of successive lines (J = 0, 1,2, ...) will be alternately greater and less, being 
alternately proportional to g, and g, (this behaviour being superimposed on the 
monotonic variation given by formula (53.12)).f 

There are no exact selection rules concerning the change in the vibrational 
quantum number in transitions between two different electron terms. There is, 
however, a rule (Franck and Condon’s principle) whereby the most probable 
change in the vibrational state may be predicted. It is based on the fact that the 


+ Here we assume that all the states having different values of the total nuclear spin are uniformly 
occupied. 
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U(r) E 


Fic. 4. 


motion of the nuclei is quasi-classical, because of their large mass (cf. the discussion 
of pre-dissociation in QM, §90).t 

In the integral which determines the matrix element of the transition between 
vibrational states E and E’ of electron terms U(r) and U(r), the most important 
range is the neighbourhood of the point r = ro where 


U(r) - U'(n) = E- E’, (53.16) 


i.e. the momenta of the relative motion of the nuclei in the two states are the same, 
p =p’. For a given value of E, the transition probability as a function of the final 
energy E’ increases as each of the differences E — U and E’— U' decreases, and 1s 
a maximum when 


E — U(r) = E’-— U(r) = 0, (53.17) 


i.e. when the ‘‘transition point” ro (the root of equation (53.16)) coincides with the | 
classical turning point of the nuclei. (Fig. 4 illustrates graphically this relationship 
between E and the most probable E’.) This can be intuitively expressed by saying 
that the transition is most probable near the turning point of the nuclei, where they 
spend a relatively large amount of time. 


§54. Radiation from diatomic molecules: vibrational and 
rotational spectra 


The selection rules and formulae for transition probabilities given in §53 remain 
valid for transitions in which the electronic state of the molecule is unchanged. 
Here we shall discuss only some particular features of these transitions. 

First of all, the selection rule (53.4) prohibits all (dipole) transitions without 
change of electronic state in molecules consisting of like atoms, since in such a 
transition the parity of the electron term would remain unaltered. It follows from 
the discussion in §53 that such transitions can be allowed only when the interaction 
between the nuclear spins and the electrons is considered or, for molecules of 


+ Strictly speaking, it is also necessary that the vibrational quantum number should be sufficiently 
large. 

¢ Transitions in which the vibrational (and therefore the rotational) state changes form what is called 
the vibrational spectrum of the molecule; this lies in the near infra-red (wavelengths <20 ym). 
Transitions in which only the rotational state changes form the rotational spectrum in the far infra-red 
(wavelengths >20 ym). 
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different isotopes of the same element, because of the effect of the rotation on the 
electronic state. 

The calculation of the dipole moment matrix elements is reduced (by the 
formulae in QM, §87) to a calculation in a coordinate system rotating with the 
molecule. The wave function of the molecule in these coordinates is the product of 
the wave function of the electrons for a given distance r between the nuclei and 
the wave function of the vibrational motion of the nuclei in the effective field U(r) 
of the electrons and the nuclei. When the influence of the motion of the nuclei on 
the electronic state is entirely neglected, the initial and final electron wave func- 
tions for the transitions in question are the same. The integration over the electron 
coordinates therefore gives, in the matrix element, simply the mean dipole moment 
d of the molecule (which is obviously along its axis) as a function of the distance r. 
Owing to the smallness of the vibrations, the function d(r) can be expanded in 
powers of the vibrational coordinate q=r-—rp. For transitions which involve a 
change in the vibrational state, the zero-order term in the expansion does not occur 
in the matrix element, because the wave functions are orthogonal for vibrational 
motion in the same field U(q), and this leaves the term which is proportional to q. 
If the vibrations are regarded as harmonic, it follows from the known properties of 
the linear oscillator (QM, §23) that the matrix elements are zero except for 
transitions between adjacent vibrational states; thus, for the vibrational quantum 
number v we have the selection rule 


vi-v=+i. (54.1) 


This rule is not valid, however, when the vibrations are not harmonic and the 
subsequent terms in the expansion of the function d(q) are taken into account. 

For a purely rotational transition (with no change in the vibrational state also), 
the matrix element of the dipole moment component along the moving ¢-axis can 
simply be equated to the mean dipole moment of the molecule, d = d(0).t The 
probability of the transition J > J — 1 is then 


4w? a J?-Y 


WOR =) oy ay. 


(54.2) 


and from this formula we can calculate not only the relative probabilities (as in 
(53.12)) but also the absolute probabilities. Formula (54.2) is for case a; in case b, J 
and () are to be replaced by K and A. 

The frequencies of the purely rotational transitions are given by the differences 
of the rotational energies BJ(J + 1): 


hw; ;-; = 2BJ. (54.3) 


Successive lines are at equal distances 2B. 


+ It is obvious from symmetry that d = 0 in a molecule consisting of like atoms. 
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§55. Radiation from nuclei 


For y radiation from nucle! it is usually true that the dimensions of the system 
(the radius R of the nucleus) are small compared with the wavelength of the 
photon. But the intervals between the nuclear levels, and therefore the energy of 
the y quantum, are generally small compared with the energy per nucleon in the 
nucleus. The quantity R/A is thus not directly related to the velocity v/c of the 
nucleons in the nucleus, and is in general considerably less than v/c. Accordingly, 
the probability of MI radiation is usually greater than that of E, | +1 radiation (cf. 
the beginning of §50). 

The general selection rules for the total angular momentum (the “‘spin’’) of the 
nucleus and for the parity are the same as for radiation from any system. The 
characteristic feature of nuclear radiation is that transitions of high multipole order 
commonly occur. Unlike atoms, whose radiation is usually of the electric dipole 
type, nuclei undergo such transitions comparatively rarely at low energies, on 
account of the selection rules. 

If a radiative transition of a nucleus can be regarded as a single-particle 
transition (a change of state of one nucleon while the state of the rest of the 
nucleus remains unchanged), then there are additional selection rules regarding the 
angular momentum of that nucleon, but in practice such “‘single-particle” selection 
rules are found to be only approximately obeyed. 

The selection rules for the isotopic spin are peculiar to nuclei. The component 


T; of the isotopic spin is determined by the atomic weight and atomic number of 
the nucleus: 


T;=}(Z -N)=Z-—3A. 


When the value of T; is specified, the absolute magnitude of the isotopic spin can 
take any value T = |T;|. The selection rule for the number T in radiative transitions 
arises because the electric and magnetic moment operators of the nucleus, ex- 
pressed in terms of the isotopic spin operators of the nucleons, are the sums of a scalar 
and the x3-component of a vector in isotopic space; see QM, §116. Their matrix 
elements are therefore zero unless 


T'-— T =0, +1. (55.1) 


This rule itself, however, imposes no special restrictions on transitions in light nuclei 
(the only ones for which the isotopic spin can be said with reasonable accuracy to be 
conserved); the low levels of these nuclei in fact include none with T > 1. 

For E1 transitions, however, there is a further rule which arises because there 
is no isotopic-scalar part for the electric dipole moment, and the operator of this 
moment is simply the x;-component of the isotopic vector (see QM, §116). Hence, 
if T,; = 0, transitions with AT = 0 are also forbidden, and so, in nuclei having equal 


numbers of neutrons and protons (N = Z, A = 2Z), E1 transitions are possible only 
if 


T'-T=+1 (T;=0). (55.2) 
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The accuracy with which this rule is obeyed depends, of course, on the exactness 
of conservation of the isotopic spin of the nucleus. 

The probability of E1 transitions in the nucleus ts influenced also by the recoil 
of the rest of the nucleus when a particular nucleon moves. The result is that the 
protons contribute to the dipole moment with an effective charge e(1 — Z/A) instead 
of e, and the neutrons with a charge —eZ/A instead of zero (see QM, §118). The 
decreased effective charge of the proton causes some reduction in the probability 
of El transitions. 

The energy levels of non-spherical nuclei have a rotational structure, and 
therefore such nuclei show a characteristic rotational structure of the y-ray 
spectrum. 

The symmetry of the field in which the nucleons move in a “‘fixed’’ non- 
spherical (axial) nucleus is the same as the symmetry of the field in which electrons 
move in a “fixed” diatomic molecule consisting of like atoms (the point group C..,). 
The symmetry properties of the levels of a non-spherical nucleus (and hence the 
selection rules for the matrix elements) are therefore analogous to those of the 
diatomic molecule (see QM, $119). In particular, electric dipole transitions within a 
single rotation band (i.e. without change in the internal state of the nucleus) are 
forbidden, as in a diatomic molecule of like atoms; cf. §54. Such transitions 
therefore occur as E2 or M1 transitions. In the former the total angular momentum 
J of the nucleus can change by 2 or 1, in the latter by 1. 

According to (46.9), the probability of a quadrupole transition, summed over 
values of the component M’ of the total angular momentum of the nucleus in the 
final state, 1s 


5 
WE2 >= 9 » (J '0.M')Q%) [J QM), 
15ftc M' 


where J is the total angular momentum of the nucleus, 0 its component along the 
axis of the nucleus, and m = M—M’. By means of QM, (110.8) this sum can be 
expressed in terms of the squares of given quantities, the diagonal (with respect to 
the internal state of the nucleus) quadrupole transition moments O,,, defined 
relative to coordinates nf moving with the nucleus. Here A = 1 — 0’, so that in the 
case considered (’ = 2) only the component Q. appears. The quantity 


eQo=e | pu(2¢?— &— 9°) dé dn dl = ~ 2€( Oui 


is called simply the quadrupole moment of the nucleus. Hence 


t 2 
i. oe ) (55.3) 
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The following remark is necessary concerning these formulae. They include 
matrix elements calculated with wave functions of the form 


Wrom = constant x yoD$i(n), 


where x, is the wave function of the internal,state of the nucleus. These functions 
correspond to values of the ¢-component of the angular momentum which are 
definite in both magnitude and sign. In nuclei, however, states have only a definite 
parity and a definite magnitude of the angular-momentum component (usually 
taken as 1). Hence, if #0, the initial and final wave functions would have to be 
taken as combinations of the form 


a (Wjom + Wy, -o,m); 
A (Wram: + Wy,-o,m’). 


The products of the first terms and of the second terms will give the same value as 
above for the quadrupole moment matrix elements, but the cross-products will lead 
to non-vanishing integrals if 20 <2.f Hence formula (55.3) is not strictly valid if 
= 7 or 1. In these cases the transition probability contains an additional term 
which cannot be expressed in terms of the mean value of the quadrupole moment.t 

In a similar manner to the derivation of (55.3), we obtain for the M1 transition 
probability 


4w 


; -!1 Jy 
wr(OS 0,5) = 245 worn) pF) 


2 00 
4w? 2 J?- Y 
~ 3ne FF + 1)’ (35.4) 


where yu is the magnetic moment of the nucleus. This formula is not valid if 0 = 3. 


§56. The photoelectric effect: non-relativistic case 


In §49-52 we have discussed radiative transitions (with emission or absorption 
of a photon) between atomic levels of the discrete spectrum. The photoelectric 
effect differs from such a photon absorption process only in that the final state 
belongs to the continuous spectrum. 

The cross-section for the photoelectric effect can be calculated in an exact 


+ For the matrix elements of 2'-pole moments, the integrands will include products of the form 
DD? DY, Dkk. 


The angle integral will not be zero if q' = — 22, and the range of values of q' is only from —! to +1; thus 
we must have 20 < I. 

t This term in fact gives a significant correction only in the case = 4, when the coupling between 
the rotation and the internal state of the nucleus is especially large (see QM, §119). 
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analytical form for the hydrogen atom and for a hydrogen-like ion (with atomic 
number Z < 137). 

In the initial state, the electron is at a discrete level ¢; =—I (where I is the 
ionization potential of the atom) and the photon has a definite momentum Kk. In the 
final state, the electron has momentum p (and energy «; =e). Since p takes a 
continuous series of values, cross-section for the photoelectric effect is 


do = 2m|V;i\’5(-—I + w — €) d’p/(2Q7)’ (56.1) 


(cf. (44.3)); the wave function of the final state of the electron is normalized to 
‘one particle per unit volume’’. The wave function of the photon is, as before, 
normalized in the same way; in order to obtain the cross-section do, the probability 
dw then has to be divided by the photon flux density (which is c/V=c when 
V = 1), but when relativistic units are used this does not affect the form of (56.1). 

As in (45.2), we choose the three-dimensionally transverse gauge for the photon. 
Then 


ee l . 
Vi = — eA’ ji = eV (47) V(Qo) M;ji, 
where 
M;; = | w'*(a-e) e™* "db dx, (56.2) 


with » = yy and wp’ = yy, the initial and final wave functions of the electron. Putting 
in (56.1) d*>p > p’ d|p| do = e|p| de do and integrating to remove the delta function of 
€, we can write this. formula as 


do =e? ell IM, [2 do. (56.3) 


The calculations will be given in two cases, which differ as regards the magnitude 
of the photon energy: w >I and w<m. Since I ~ me*Z’?<m, these two ranges 
partly overlap (when I <w <m), and so an examination of the two cases gives an 
essentially complete description of the photoelectric effect. 

We shall take first the case 


w <m. (56.4) 


The electron velocity is then small in both the initial and the final state, and the 
problem is therefore entirely non-relativistic as regards the electron. Accordingly, 
we replace a in (56.2) by the non-relativistic velocity operator ¥ = —iV/m (cf. §45). 
We can also use the dipole approximation, putting e'“*~1, i.e. neglecting the 
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momentum of the photon in comparison with that of the electron. Then 
da =e’ mpl le - vyi|’ do, 
Tw 
(56.5) 
pe kh ag pp 
Vii i fy Vu d-x. 


We shall consider the photoelectric effect from the ground level of the hydrogen — 
atom (or of a hydrogen-like ion). Then 


2 3/2 
(Ze m) e 7 ze?mr. 
7 >) 


y= (56.6) 


in ordinary units, me? becomes 1/a9, where ao = h’/me? is the Bohr radius. 

The wave function w’ must be taken such that its asymptotic form comprises a 
plane wave (e'?’') together with an ingoing spherical wave; cf. QM, §136, where 
this function was denoted by w’. On account of the selection rule for |, a transition 
from an s state can only be toa p state (in the dipole case). Thus, in the expansiont 


C ago i'(21 + 1) e-R,(r)Pi(n > m), (56.7) 


where n=p/p, n,=r/r, it is sufficient to retain the term with | = 1. Omitting 
unimportant phase factors, we therefore have 


b= 5 (a mR) (56.8) 


With the functions w and w’ given by (56.6) and (56.8), we have 


3(Ze?m)” 


OYE = amp 


| | (n- n,)(m - e) e72"""R,(r) doy + r? dr 


(rigemt my" =e) fr e 2'mrR, (r) dr. 


According to QM (36.18), (36.24), the radial function is (in the units employed here) 


V (82)Ze*m +p 


= —ipr ; ; 
Rp 3 vse”) pre ""F(2 + iv, 4, 2ipr), 


with 
v=Ze'’mip (= Ze’/hv). (56.9) 


+ In the rest of this section, p denotes |p|. 
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The integral can be calculated by means of the formula 
| ez" 'F(a, y, kz) dz =T(y)A* (A — ky? 
0 


cf. QM, (f.3). Noticing also that 


p+ i ie —_? t-! 
( ; =e vco a 


we obtain 


= -1 
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The energy of ionization from the ground level of the hydrogen atom (or a 
hydrogen-like ion) is I = Z*e*m/2. Hence 


p? p? 2 
i ra ee a ae (56.10) 


Using this relation, we obtain as the final expression for the cross-section for the 
photoelectric effect with emission of an electron into the solid-angle element do 


_ at > =) etvcotrly > 
do = 2'aa*(s—) <——rer (ne) do, (56.11) 


where a = h?/mZe? = ao/Z (ordinary units are used here and below). The angular 
distribution of the emitted electrons is governed by the factor (m-e)*. This has 
maxima in the directions parallel to the direction of polarization of the incident 
photons, and is zero in directions perpendicular to e, including the direction of 
incidence. For unpolarized photons, formula (56.11) must be averaged over the 
directions of e, which is equivalent to substituting 


(n- e)? > (mp X n)’ 
with mp = k/k; see (45.4b). 


Integration of formula (56.11) over all angles gives the total cross-section for the 
photoelectric effect: 


_ War? : I 4 e~fvcot! v 
C= 3 aa (ia) l-eu™ (56.12) 


(M. Stobbe, 1930). 
The limiting value of o as fiw — I (i.e. as v> ©) is 


Co ee "30° Zt 0.23a2/Z’, (56.13) 
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where e in the denominator is the base of natural logarithms. The cross-section for 
the photoelectric effect tends to a constant limit near the threshold, as it must for a 
reaction forming charged particles (see QM, §147). 

The case in which hw*>TI (still with hw <mc’) corresponds to the Born 
approximation (v = Ze*/hv <1). Formula (56.12) becomes 


8 7/2 
= am aaiZ'(;*) (56.14) 
where I) = e’m/2h’ is the ionization energy of the hydrogen atom. 

The process inverse to the photoelectric effect is the radiative recombination of 
an electron with an ion at rest. The cross-section g,,.. for this process can be found 
from that for the photoelectric effect (o,,) by means of the principle of detailed 
balancing (QM, $144). This principle states that the cross-sections for the processes 
if and f >i (with two particles in each of the states i and f) are related by 


2 mead 2 
8iP i Ti+5 = BsP fOs-i, 


where pi, py are the momenta of the relative motion of the particles, and g;, g, the 
spin statistical weights of the states i and f. Since g = 2 for the photon (which has 
two possible directions of polarization), we find for the hydrogen atom ground state 


Trec ~ Oph * 2k’/p’, (56.15) 


where p = mv is the momentum of the incident electron and k that of the emitted 
photon. 


PROBLEMS 


PROBLEM |. Derive formula (56.14) by direct use of the Born approximation in the non-relativistic 
case. 

SOLUTION. In the Born approximation, ~’ in (56.5) is simply the plane wave wp’ = e’'" and w is 
again the function (56.6). Then 


1 or 
Vii =v => | voy d°x 


3/2 


2 
= P (Ze rm Cmca 


The Fourier component is given by (57.6b), and so 
vi = 8V ap om ?(Ze?)?n. 
Substitution in (56.5) and integration over do leads to (56.14) (here, with sufficient accuracy, p2/2m ~ w). 


PROBLEM 2. Determine the total cross-section for radiative recombination of a fast but non- 
relativistic electron (I < mv? < mc’) with a nucleus having charge Z < 137. 


SOLUTION. The cross-section for capture to the K shell (principal quantum number n = 1) is obtained 
by substituting (56.14) in (56.15): 
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where ¢€ = 3mv* is the energy of the incident electron, and fw ~ e. Among the other states of the 
resulting atom, only s states are important: in the calculation of the matrix element in the Born 
approximation, the important values are those of the wave function of the bound state when r is small 
(as will be seen in §57), and when | >0 these values are small compared with those for | = 0. It ts 
sufficient to take the first two terms in the expansion of w in powers of r. For states with | = 0 and any n, 
these terms are 


| r 
= [-- t 
uM V(ma'n ) ( | 
i.e. they contain n only as a common factor n 2. this expression is obtained by expansion of QM, 
(36.13). The total recombination cross-section is therefore 


ao = So ai > a= £(3)0". 


The value of the zeta function is €(3) = 1.202. 


§57. The photoelectric effect: relativistic case 


Let us now consider the case 


w > I. (57.1) 


Here we have also ¢=w-—I®*>I, and the influence of the Coulomb field of 
the nucleus on the wave function w’ of the emitted electron can be taken into 
account by means of perturbation theory. We shall write 


yy = Tas (u’ e'Pr 4 w'). (57.2) 


The electron may be relativistic, and therefore the unperturbed function in (57.2) is 
written as a relativistic plane wave (23.1). 

Although the electron is non-relativistic in the initial state, its wave function w 
must nevertheless, for reasons to be explained below, include the relativistic 
correction (~ Ze’). This function is (cf. §39, Problem) 


b= (1-5 9 V) Temas Prone (57.3) 


where Whon-r IS the non-relativistic bound-state function (56.6), and u is the bispinor 
amplitude of the electron at rest, normalized by the usual condition au = 2m. 
We substitute the functions (57.2), (57.3) in the matrix element (56.2):T 


as p(y -e) e* Wbnone} d°x. (57.4) 


t The function (57.3) has been derived for distances r~ 1/mZe’, at which the relative order of 
magnitude of the correction term is Ze’. But for the ground state (and for all s states) formula (57.3) is 
valid for any r, since the derivative of the purely exponential function (56.6), and therefore the 
correction term in (57.3), are always proportional to Ze’. This enables us to use formula (57.3) in the 
present problem, where (as we shall see below) it is the small values of r that are important. 
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In order to derive the first term of the expansion of this quantity in powers of Ze’, 
we can replace Wnon-, in the second term in the braces by the constant (Ze?m)??/V a 
simply. The first term would vanish if treated in this way when p—k # 0, and it is 
for this reason that the first relativistic correction, proportional to Ze’, has to be 
included in w. When v ~ 1, this correction gives a contribution to the cross-section 
that is of the same order as the contribution of the next term in the expansion of 
Wnon-r in powers of Ze’. 

In the first term in (57.4) we integrate by parts, transferring the action of the 
operator V from Won, to the exponential factor. The result is 


2 3/2 7 
M;i = venise {a'¢y eft + yy -(p- k) |uce27""), + wy -e)u \, 
(57.5) 


where the vector suffix denotes the spatial Fourier component. As far as the Ze’ 
term we havet 


Be Perr a. 8aZe'm 
(e )p-k = Qk” (57.6) 


To calculate the Fourier components w{”, we write down the equation satisfied 
by the function yw”: 


(y8e tiy:-V—m)yp = e(y“A, )u'e'?’* 
Ze’ 


es 0 ip: 
a ye oe 


obtained by substituting (57.2) in (32.1). Applying the operator y°e +iy-V+m to 
both sides, we find 


(A + pp = — Ze( ye + iy -Vt+m)y°u') , eer, 
Multiplying this equation by e~“"' and integrating with respect to d*x, with the 
+ Taking the Fourier component of each side of the equation 
ev 
(A- A?) —— = — 478(1), 
we obtain 


(=) ==", (57.6a) 


and differentiation with respect to A gives 


(e-"),= qt ay (57.6b) 
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usual integration by parts in the terms containing A and V, gives 


(p? — KYA? = — Ze*(y%e — y+ k-+ myy°u')(2) 
k-p 
= — Ze*(2ey— y+ (k— p) (yu) 9, 
(k—p) 
In the last line we have used the fact that the amplitude u’ satisfies the equation 


(ey°’—p-y—m)u'=0, or (ey’+p-y—m)yu' =0. 


Hence 


0 . ak 
PR = Wty = 4nZera' EY FY KP) v0 (57.7) 


(k’— p’)(k-p)? ” 
Substituting (57.6) and (57.7) in the matrix element (57.5), we can write it as 


Ao 2(Ze*my)? 7 


Me Cemye— py tM 


where 


A=aly-e)t+(y-ely(y: b)+(y- e)y(y -e), 


1 E l k—- k— 
— +— =— = : 
9=(—py me —p? ~~ im&k-pe’ © Imp 


The cross-section is 


_ 8e°(Ze*m) 


Boe w(k—p)"m 


(a@' Au)(Au’) do, 


where A = y°A*y°: see §65. This expression has to be summed over final directions 
and averaged over initial directions of the electron spin, using the rules given in §65 
below and the polarization density matrices of the initial and final states: 


p=im(y°+1), p'=Hy°e-—y- ptm); 


in the initial state, p=0 and c = m. The resulting expression is 


2 2 b) 
ig 2 OLE TO Dl AGA) ab: 


~ mw(k— p) 


The calculation of the trace by means of the formulae (22.22) is purely algebraic, 
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and the result is 


tr(p’ApA) = rae [ap—(b—c\(e +m)]}'+4m(b-e)[(e + m)(c-e)+ a(p-e)]; 


et 


the vector e is assumed real, i.e. the photon is assumed to be linearly polarized. 

The formula for the photoelectric effect cross-section will be put in its final 
form by using the polar angle @ and the azimuth @ of the direction of p when the 
direction of k is the z-axis and the plane of k and e is the xz plane (so that 
p:e=|p|cos ¢ sin @). When w >I, the conservation of energy may be written in 
the form ¢ — m = w instead of e -m =w— I. We then easily see that 


k’-p’=—-2m(e-—m), (k—p)’=2e(e —m)(1— v cos 8), 
where v= p/e is the velocity of the photoelectron. A simple calculation gives finally 


v3(1— v’) sin? 6 


dE Behe =p = 0 COs Oy 


7 = g2y72 = —ay1 — 
(LO (Iv cos 9+ [2—-H= VO PIG 9608.) cos? 4} do, 


(57.8) 
where r, = e?/m. 
In the ultra-relativistic case (e > m), the photoelectric effect cross-section has a 


sharp peak at small angles @~ V(1—v’), i.e. the electrons are emitted pre- 
dominantly in the direction of incidence of the photon. Near the maximum 


1—vcos 6 ~}{(1— v2) + 67], 
and the leading terms in (57.8) give 


do = 4Z5a'p? =P)" 0” a6 ag (57.9) 
‘(1 — v4 op 19 49. . 


The integration of (57.8) over angles is elementary but lengthy, and leads to the 
following expression for the total cross-section (F. Sauter, 1931): 


2 sa 2(y?—1yr? (4, yy —2) (, _ l + V(y?- 1) 
PmPPLNG he (y-1) (3+ yr (1 2yvV rete) 
(57.10) 


where the “‘Lorentz factor” y is used for brevity: 


z ee 
Vn (57.11) 
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In the ultra-relativistic case, this formula reduces to the simple expression 
o =2nZ°a‘r?|y; (57.12) 


in the case I <w <™m, the limit of small y — 1 in (57.10) yields the already known 
result (56.14). 


§58. Photodisintegration of the deuteron 


A distinctive property of the deuteron is that its binding energy 1s small in 
comparison with the depth of the potential well. This enables reactions involving 
the deuteron to be described without a detailed knowledge of the behaviour of 
nuclear forces, using only the binding energy (see QM, §133). Here it is assumed 
that the wavelengths of the colliding particles are large compared with the range a 
of the action of nuclear forces. 

This applies to the disintegration of the deuteron by y quanta having ka <1. It 
will also be assumed that pa <1, where p is the momentum of relative motion of 
the neutron and proton released; this is a stronger condition than ka < 1.t 

We start from the non-relativistic formula (56.5) for the photoelectric effect 
cross-section, integrating over all directions: 


M 4nr 
PM AT iy yp : 


TW 


where p is the momentum of relative motion of the proton and neutron,} and m in 
(56.5) has been replaced by their reduced mass M/2 (where M is the nucleon mass). 
The matrix element is that of the proton velocity v,, since only the proton interacts 
with the photon. Expressing v, in terms of the momentum p (v, = 5v= p/M), we 
have 


2 
(ee /. (58.1) 


o 3Mw Py 


The superscript (e) denotes that this formula corresponds to electric dipole tran- 
‘sitions: ep/M = ev, = d, so that epy/M = indy. 

The normalized wave function of the initial (ground) state of the deuteron 
is 


p= xe x = V(MI), (58.2) 


t The photon energy for which pa = | (with a = 1.5 x 10°” cm) is 15 MeV. 
t In this section, p denotes |p]. 
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where I = 2.23 MeV is the binding energy (see QM, §133).f The wave function of 
the final state can be taken to be that of free motion, 1.e. the plane wave 


p= e'PT, (58.3) 


The reason is that, in the theory under consideration, the “‘size of the deuteron” 1/k 
is assumed large in comparison with the effective interaction radius a. The 
interaction between the proton and the neutron therefore has to be taken into 
account only in S states, and can be neglected in states with 140, whose wave 
functions are small at small distances. According to the selection rules, electric 
dipole transitions between two S states (the ground state and an S state of the 
continuous spectrum) are forbidden, and it is therefore possible in this case to 
neglect the nucleon interaction in the final state. 

Integration by parts gives the matrix element 


=-j Je —ip-r e*. 3 
Pyi it fe V : d°x 
= /# (—) 
~ VIn PV : 
_.[« 4p |. 
-V#- +?’ 


see the second footnote to §57. 
Using also the equation 


2 
ag(ktp)y=1+2 =o, 


which expresses the conservation of energy, we finally obtain the photodisin- 
tegration cross-section (in ordinary units) as 


82 oh’? VI (hw — 1)?” 
(c) ee a 
di 3 °M (hw) (58.4) 


(H. A. Bethe and R. Peierls, 1935). It has a maximum at hw = 21, and tends to zero 
as hw >I or hw >. 

The electric dipole absorption of the photon, described by formula (58.4), does 
not, however, give the main contribution to the cross-section near the photoelectric 


+ This function can be made more accurate by including a correction due to the finiteness of a, the 
normalization coefficient in (58.2) being replaced by 


Viscose 


see QM, (133.13). A factor 1/(1 — ax) accordingly appears in the cross-section formulae. This correction 
is in fact quite large: for the ground state of the deuteron, ax ~ 0.4. 

The deuteron ground state is °S:, with a small ‘“‘admixture” of *D: due to the action of the tensor 
nuclear forces (see QM, §117). This admixture will be neglected, and therefore so will the tensor forces. 
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effect threshold (hw close to I). This is because, in this range, the principal effect 
must come from transitions to an S state, and these do not occur in electric dipole 
absorption. Nor do they occur in electric quadrupole absorption, since, although 
they do not then violate the parity selection rule, they are forbidden by. the 
selection rule for orbital angular momentum (the tensor forces are here neglected, 
and L and §S are therefore separately conserved). To calculate the photodisin- 
tegration cross-section near the threshold, we have therefore to consider magnetic 
dipole absorption, for which the selection rules allow transitions between S states | 
(E. Fermi, 1935). 

Replacing the electric moment in (58.1) by the magnetic moment, we have 


a!” = 3wMp|pyil’. (58.5) 


The magnetic moment of the orbital motion makes no contribution to py, since the 
orbital angular momentum L has no matrix elements for transitions between S 
states. The spin magnetic moment 


= 2upSp + 2nSn 
= 2(Mp — Mn)Sp + 2p,S, 


where S=s,+s,, and w,, wna are the magnetic moments of the proton and the 
neutron. When the tensor nuclear forces are neglected, the total spin is conserved, 
and its operator therefore yields no transitions. Hence 


bri = 2(Sp ) si (Mp — Ln). 


In the same approximation (neglecting the tensor forces), the spin and coordinate. 
variables are separable. The matrix element, like the wave functions, becomes a 
product of a spin part and a coordinate part: 


by: = 2(jby — ptn)(SpS’M 'Is|5,SM) | v'*(r)b(r) dx. 


But the presence of spin-spin nuclear forces has the result that the wave equation 
for the coordinate functions w(r) includes the spin value S as a parameter. If 
S'=S, then w’(r) and u(r) are eigenfunctions of the same operator, and are 
therefore orthogonal. Thus a photodisintegration from an initial °S state can occur 
only to a 'S state of the continuous spectrum. 

The square lpeyil? in (58.5) must, of course, be averaged over components M of 
the spin S in the initial state. Thus the problem 1s to calculate the quantity 


I ave 
541 & KSS'M'Isp|5>SM DI’ 


where s, =s, =4, S=1, S'=0. The general rules for matrix elements in the 


§58 Photodisintegration of the Deuteron 219 


addition of angular momenta give 


1 ey, -_ 
SS OT TH KoS'bsolseS={% FT} Ksollsels 


= al(Spllspllsp ) 
(see QM, (107.11), (109.3)). The reduced matrix element is 
(spllspllsp) = VI sp(sp + 1)(2s, + 1)] = V(3/2). 


Formula (58.5) then becomes 
o™ = twMp (jp — pn)’| | p'*y d’x|’. (58.6) 
The initial function w is given by (58.2); the final function is 
W = 55 Ryolr) 
5 ad 


This is the first term (I = 0) in the expansion (56.7) of a function whose asymptotic 
form comprises a plane wave and an ingoing spherical wave; an unimportant phase 
factor has been omitted. Since the integration is taken over the region outside the 
range of action of the nuclear forces, the radial function is 


R,o(r) = 2 Sintpr + 6) 


The phase 6 is related to the value of the virtual level (1; = 0.067 MeV) of the 
proton + neutron system when S = 0: 


cot § = x,/p, kK, = V(MI); 


see QM, §133. Then 


w'* py dx = (27)? V« im | e*rtipr 9i8 dp 
pt 
is 
= (2m)? te 
pt k —ip 
After a simple algebraic reduction, we obtain the following expression for the — 
photodisintegration cross-section (in ordinary units): 


m 8h, VT hw - DVI + VI? 
or = 3he (He He) Gia IT) ae 
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When hw — I, the cross-section tends to zero as V (Aw — I), in accordance with the 
general properties of cross-sections near the reaction threshold (QM, §147). 

The inverse process to photodisintegration is radiative capture of a proton by a 
neutron. The capture cross-section (o,) 1s obtained from the photoelectric effect 
cross-section (a,,) by means of the principle of detailed balancing; cf. the deriva- 
tion of (56.15). The spin statistical weights of the neutron and the proton are 
2x2 = 4; those of the deuteron (in a state with S = 1) and the photon are 3 x2 = 6. 
Hence 


_ 3 (hw)? 3(hiw)’ 
Oe = CIE Fh = DMO hw — 1) 7 oe 


CHAPTER VI 


SCATTERING OF RADIATION 


§59. The scattering tensor 


THE scattering of a photon by a system of electrons (which will be referred to 
below as an atom) consists of the absorption of the initial photon k and the 
simultaneous emission of another photon k’. The atom may be left either at its 
initial energy level or at some other discrete energy level. In the former case the 
photon frequency is unchanged (Rayleigh scattering); in the latter case the 
frequency changes by 


w'—w = E,- Ep, (59.1) 


where E, and E,; are the initial and final energies of the atom (Raman scattering).t 
If the initial state of the atom is the ground state, then E, > E, in Raman scattering, 
and so w'<w: the frequency is decreased by the scattering (the Stokes case). In 
scattering by an excited atom, either the Stokes case or the anti-Stokes case 
(w' > w) may occur. 

Since the electromagnetic perturbation operator has no matrix elements for 
transitions in which two photon occupation numbers simultaneously change, the 
scattering effect appears only in the second approximation of perturbation theory. 
It must be regarded as taking place via certain intermediate states, which may be of 
one of two types: | 


(I) The photon k is absorbed and the atom enters one of its possible states E,; 
in the subsequent transition to the final state, the photon k’ is emitted; 

(II) The photon k’ is emitted and the atom enters the state E,; in the transition 
to the final state, the photon k 1s absorbed. 


In this process, the matrix element is represented by the sum 


’ Vion Vai VanViani 
Viz (ggt+ | 
n= die rert gan oe) 


(see QM (43.7)), where the initial energy of the atom+ photons system is @, = 
E, + w, and the energies of the intermediate states are 


€,= E,, CV = FE, +twto’. 


t In this chapter, the suffixes 1 and 2 will denote quantities pertaining respectively to the initial and 
final states of a scattering system. 
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The V_ are the matrix elements for the absorption of the photon k, and the V’ 
are those for the emission of the photon k’; the initial state is excluded from the 
summation over n, this being indicated by the prime to the summation sign. The 
scattering cross-section is 

w? do' 


do = 2a| Vala (59.3) 


where do’ is a solid-angle element for the directions k’. The radiation energy dI' 
scattered into the solid angle do’ per unit time is expressed in terms of the intensity 
(energy flux density) I of the incident radiation by 


dI' = I(w'/w) do. 


We shall assume that the wavelengths of the initial and final photons are large 
compared with the dimensions a of the scattering system. All transitions will 
therefore be considered in the dipole approximation. If the photon states are 
described by plane waves, this approximation is equivalent to replacing the factors 
e'*’' by unity. Then the wave functions of the photons are (in the three-dimension- 
ally transverse gauge) 


' 


e 
(2’) 


e 
(2w) 


A., = V (47) ev" Ae = V (477) ee 


Under the conditions considered, the electromagnetic interaction operator may 
be written as 


V=-d-E, (59.4) 
where E = ~A is the field strength operator and d the dipole moment operator of 
the atom (similarly to the classical expression for the energy of a small system in 
an electric field; Fields, §42). The matrix elements are 


Vir = —iV (277w)(e + dai), Vin = iV (27rw')(e™ + don). 


Substituting these expressions in (59.2), (59.3), we find as the scattering cross- 
section (written in ordinary units)t 


d>, °e’* dni’ d>,° d,,:e’* z 13 
do = |F  t eat aS Rees (599 


hw,, = E, — Fi, w'— w@ = @)2. 


The summation is over all possible states of the atom, including those of the 
continuous spectrum (states 1 and 2 cannot appear in the sum, since the diagonal 


+ This formula was first derived by H. A. Kramers and W. Heisenberg (1925), before the develop- 
ment of quantum mechanics. 
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matrix elements d,, and d2 are zero). The infinitesimal imaginary increments in the 
denominators correspond to the usual rule for pole avoidance in perturbation 
theory (see QM, $43): an infinitesimal negative imaginary part is added to the 
energies E, of the intermediate states over which the summation is carried out. The 
avoidance rule is important when the poles of (59.5) with respect to the variable E,, 
are in the region of the continuous spectrum; for example, if state 1 is the ground 
state of the atom, this would occur for hw exceeding the ionization threshold of the 
atom.t , 
We shall use the notation¢ (in ordinary units) 


(eal = [Aandi (dade ds 1 or. 


Wri w — 10 Wn2+ w' — 10 
where i, k = x, y, z are three-dimensional vector indices. Then formula (59.5) can be 
written as 
do = w(wt+ w 12) \(Cix 21 * & |? do'|c*. (59.7) 
The notation (59.6) is justifiable in that this sum can in fact be represented as 


the matrix element of a certain tensor. This is most easily seen by defining a vector 
quantity b whose operator satisfies the equation 


ib + wb =d. 
Its matrix elements are 
dit os d>, 
Pe et Don w + Wn? 
so that 
(Cik)21 = (byd; — diby)a1. (59.8) 


The matrix elements (c,)2; will be called the radiation scattering tensor. 

It follows from the above that the selection rules for scattering are the same as 
the selection rules for the matrix elements of an arbitrary tensor of rank two. We 
can see immediately that, if the: system has a centre of symmetry (so that its states 
can be classified by parity), transitions are possible only between states of the same 
parity (including transitions without change of state). This rule is the opposite of 
the parity selection rule for (electric dipole) emission, and so there is an alternate 
prohibition: transitions allowed in emission are forbidden in scattering, and vice 
versa. 

We can resolve the tensor cx into irreducible parts: 


Ce = C°Sx + % + 0%, (59.9) 


+t In a molecule, the threshold for dissociation into atoms here takes the place of the ionization 
threshold. ) 


+ Most of the results derived in §§59-61 below are due to G. Placzek (1931-1933). 
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where 


Ci = 2(Cik + Cui) — CS, (59.10) 
Ck = 2(Cik — Cki) 


are respectively a scalar, a symmetric tensor (with zero trace) and an antisym- 
metric tensor. Their matrix elements are 


_ 1 Wnt + Wn? 
(c°)a — 3 » (Wni es w)(@n2 ni w) (di )an(di)ni, ($9.11) 
(ci dor = 4 ea 2 donde )ar + (di )an(dnt] — (C218 (59.12) 


m (Wn — @)(Wn2 + w) 


2 + 12 5p (dial da)at = (Ahan dit 
2 


(Cia = : (nt — W)(@n2 + w) 


(59.13) 


the symbols indicating pole avoidance are omitted, for brevity. 

Let us consider some properties of the scattering tensor in the limiting cases of 
low and high photon frequencies.f 

For Rayleigh scattering (w,. = 0), the antisymmetric part of the tensor vanishes 
as w-—0, because of the factor w in front of the sum in (59.13). The scalar and 
symmetric parts of the scattering tensor, however, tend to finite limits as w — 0. 
The cross-section is therefore proportional to w* when w is small. 

In the opposite case, when the frequency w is large compared with all the 
frequencies w,1, ®,2 Which are important in (59.6) (but of course the wavelength is. 
still much greater than a), we must arrive at the formulae of the classical theory. 
The first term in the expansion of the scattering tensor in powers of 1/w is 


1S ((de)aadidar~ (dion dani = 2 (duds ~ did) 


and is zero, since the operators d; and d, commute. The next term in the expansion 
1s 


(Cun = 4 5 [ean (dion dims ~ (di)antoni( dat 
* (ded — didy)a. 


Using the definition d= er (with the summation over all the electrons in the 
atom) and the commutation rules for momenta and coordinates, we obtain 


(ca) =— Ze" 5 (Cix)21 = 0 (59.14) 
ik Jil mo iks ik J21 9 . 


+t The case of resonance (when w is close to one of the frequencies wa; and waz) will be discussed in 
863. 


§59 The Scattering Tensor 225 


where Z is the total number of electrons in the system, and m the electron mass. 
Thus, in the limit of high frequencies, there remains in the scattering tensor only 
the scalar part, and scattering takes place without change in the state of the system, 
i.e. the scattering is entirely coherent (see below). The scattering cross-section in 
this case is 


do = r2Z’|e’* - el’ do’, (59.15) 
where r, = e’/m. After summing over polarizations of the final photon, we have 


do = r2Z7{1 —(e-n’)*} do’ 
= r2Z’ sin’ @ - do’, (59.16) 


which is in fact the same as the classical Thomson’s formula (Fields, (80.7)); @ 1s 
the angle between the direction of scattering and the polarization vector of the 
incident photon. 

Let us consider the scattering of radiation by an assembly of N identical atoms 
situated in a region small compared with the wavelength. The corresponding 
scattering tensor is equal to the sum of the tensors for scattering by each atom. It 
must, however, be remembered that the wave functions (which are used to 
calculate the dipole moment matrix elements) for several identical atoms taken 
together are not simply equal functions. The wave functions are essentially defined 
only to within an arbitrary phase factor, which is different for each atom. The 
scattering cross-section has to be averaged over the phase factor of each atom 
separately. 

The scattering tensor (Ci,)2; of each atom includes a factor e'*'*, where @, and 
¢@2 are the phases of the wave functions of the initial and final states. For Raman 
scattering, the states 1 and 2 are different, and this factor is not equal to unity. In 
the squared modulus 


lei*e, > (ci ail’, 


where the sum is over all N atoms, the products of terms pertaining to different 
atoms will include phase factors which vanish on independent averaging over the 
phases of the atoms, and only the squared modulus of each term remains. This 
means that the total-:cross-section for scattering by N atoms is found by taking N 
times the cross-section for scattering by one atom; the scattering is incoherent. 

If, however, the initial and final states of the atom are the same, then the factors 
e'\*:-¢) = 1, The amplitude for scattering by the assembly of atoms is N times that 
for scattering by one atom, and the scattering cross-section consequently differs by 
a factor N’; the scattering is coherent.t If the atomic energy level is not 
degenerate, Rayleigh scattering is therefore entirely coherent. But if the energy 
level is degenerate, there will also be incoherent Rayleigh scattering arising from 


t The factor Z? in formulae (59.15) and (59.16) has the same origin: the cross-section for scattering 
by Z electrons in one atom is Z’ times that for scattering by one electron. 
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the transitions of the atom between various mutually degenerate states. This is a 
purely quantum effect; in the classical theory, any scattering without change of 
frequency is coherent. 

The coherent scattering tensor is given by the diagonal matrix element (cx)j1, 
and will be denoted by a,x, omitting for brevity the index which shows the state of 
the atom. According to (59.6), 


atin (w) = (Cu) = Peres ldo 5 MAedinleon I (59.17) 


Wn; — w — 10 Wri +w— id 


This expression may also be written as 


; | 
an w) =o |Z +2 Praearer + PeielPder lt (59.18) 


n Wn, — w — 10 Wn, tw — iO 


using the limiting form (59.14). Here p is the total momentum of the electrons in the 
atom. The equivalence of the two forms is easily seen by noting that the matrix 
elements of the momentum and the dipole moment are connected by 


€pin/m = iW inGin 


and using the same relationships as in the derivation of (59.14). 

If the sum and difference E, + w are not equal to any of the energy levels E, of 
the atom (including the continuous spectrum), the terms i0 in the denominators 
-may be omitted. Since p#, = pai, the tensor a, is then seen to be Hermitiant: 


On = at. (59.19) 


This means that its scalar and symmetric parts are real, and its antisymmetric part 
is imaginary. The latter is certainly zero if the atom is in a non-degenerate state; the 
wave function of such a state 1s real, and therefore the diagonal matrix elements 
are also real. 

The tensor a,x iS related to the polarizability of the atom in an external electric 
field. To show this relation, let us calculate the correction to the mean value of the 
dipole moment of the system when the latter is placed in an external electric field 


LUE e~#! + B* eit), (59.20) 


This can be done by using a well-known formula of perturbation theory (QM, §40). 
If the system is subjected to a perturbation 


V a Fe i# + Ft eo 


+ This result depends on the neglect of the natural line width, and therefore of the possible 
absorption of the incident radiation; see §62. 
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then the first-order correction to the diagonal matrix elements of a quantity f is 


F\P(t) = 2 || -Ofn __ftlFin iain oviet 4 poet aIF a i 5 eu} 


Or, —-0—-i10 wa+wt+i0 Writ @—-10 wn 


The perturbation V must be regarded as being applied with infinite slowness from 
t = —, so that in the first term w 1s to be interpreted as w + i0, and in the second 
term as w —i0; the imaginary increments in the denominators have been written 
accordingly. 

In the present case 


F =-1d-E, 


and the correction to the diagonal matrix element of the dipole moment is found to 
be 


dj) =4(de ™ +d* e'), (59.21) 
where d is a vector whose components are 
d; = af E,. (59.22) 


The expression for the tensor a{f(w) differs from (59.17) for a by a change in the 
sign of the imaginary part in the denominator of the second term. By definition, 
a‘?(w) is the polarizability tensor of the atom in a field of frequency w. For 
frequencies such that the mmaginary parts in the denominators can be omitted and 
the tensor a, is Hermitian, aj and a‘f) are identical. In particular, when w = 0 the 
formula (59.22) becomes QM, (76.4), and the expression QM, (76.5) for the static 
polarizability tensor is the same as ax(0) from (59.17). Note also that, if state 1 is 
the ground state,f all w,,; >0 and the avoidance rule in the first and second terms in 
(59.17) is important only when w > 0 and w <0 respectively. In that case, 


an(w) = aff'(\w)). (59.23) 


The formulae of scattering theory implicitly have w > 0; the tensor a, is then the same 
as the polarizability tensor. 

We shall need not only the cross-section but also the photon scattering am- 
plitude f. As usual in perturbation theory, this is equal, apart from a normalization 
factor, to minus the matrix element (59.2). Choosing this factor so as to express the 
cross-section (59.7) in the form do =|f|’do', we have as the elastic scattering 
amplitude 


f = w’axe,* e. (59.24) 
According to the optical theorem (see (71.10) below), the imaginary part of the 


t Only this case (which will be assumed henceforward) allows a completely rigorous treatment, 
because of the finite lifetime of the excited states; see §62 below. 
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forward scattering amplitude (without change in momentum and _ polarization) 
determines the total cross-section o; for all possible elastic and inelastic processes 
for a given initial state of the photon: 


o, = (42/w) im(w’a,eet ) = 4710 (ax — af)e*e,/2i. (59.25) 


Thus the total cross-section is determined by the anti-Hermitian part of the 
scattering tensor. 

The formula (59.25) has a simple classical significance. The electric field E does 
work Sev: E=E-d on the system of charges per unit time. Expressing the field in 
the form (59.20), and the dipole moment in the form (59.21), (59.22), and averaging 
this work with respect to time, we find 


1 . 
70 |E|*e*e, (ai, — af)/2i, 


with E = eE. On the other hand, if E is the incident radiation field, the mean energy 
flux density in it is |E|’/8a, and the energy absorbed by the atom is |E|’o,/87. 
Equating the two expressions, we find (59.25). 

If the angular momentum J of the ground state of the atom is zero, then by 
spherical symmetry ax = a5;,, and 


a, = 47H im a. (59.26) 


For a system having angular momentum, a similar relation holds for quantities 
averaged over the spatial directions of the angular momentum (see §60). 

For photon energies above the ionization threshold of the atom, the principal 
contribution to the total cross-section o, comes from the ionization process (the 
absorption of a photon in the photoelectric effect). The scattering cross-section is a 
quantity of higher order in e*; compare, for instance, (56.13) and (59.16). 

If, however, the photon energy is below the ionization threshold (but not too 
close to resonance, i.e. to any of the discrete excitation frequencies of the atom), 
then the cross-section (which in this case reduces to the scattering cross-section), 
and therefore the imaginary part of the amplitude, are of a higher order of 
smallness than the real part of the amplitude. Neglecting the former, we again 
obtain (59.19). The situation is different in the neighbourhood of resonance, where 
the cross-section increases; this case will be discussed in §62. 

As well as scattering, the two-photon processes which occur in second-order 
perturbation theory also include double emission, i.e. the simultaneous emission of 
two quanta by an atom. 

The expression for the probability of this process differs from (59.5) only by the 
changes w > —w, e—>e* (emission of a photon w, instead of absorption) and by the 
extra factor 


@Pk/(Q7) = w? dw dol(27)’, 


the number of quantum states of the emitted photon in given ranges of the 
frequency w and the directions of k; the frequency of the second photon is 
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determined from w by the equation w + w’ = w12. The emission probability per unit 
time is thereforet 


3, 43 
dw = |(bx)2e/* et herswut do do' dw, (59.27) 


where 


(bia = > [sees Cadet ¢ SE Ades 


Wrap t@— 0 @n, + w — 10 


differs from (cx)2; in (59.6) only by a change in the sign of w. Summing this 
expression over the polarizations of the photons and integrating over their direc- 
tions of emission,t we obtain 


8w° 


3 
dw = Spi cel(bu ail dw. | (59.28) 


The probability of the emission of two photons w and w’ is usually very small in 
comparison with that of the emission of a single photon with frequency w + w’. An. 
exception occurs in cases where the selection rules forbid the latter process but 
allow the former, such as transitions between two states with J =0, where all 
processes of single-photon emission are strictly forbidden. Another example is the 
transition from the first excited state (2s!) of the hydrogen atom to the ground state 
(1s!), which is forbidden for both E1 and M1 radiation; see §52, Problem 2.§ 

If the atom is in the field of an incident flux of photons w, k, there is not only 
spontaneous double emission, with the probability (59.27), but also induced double 
emission, in which the field causes emission of a similar photon and a photon w’, k’. 
The probability of this process differs from that of spontaneous emission by a 
factor N,-, the number density of incident photons with given k and e. The incident 
photon flux density is 


dI = cN,. d’k/(277)’ = Nye(w?/8 °c’) dw do. 


Expressing N,, in terms of dI and dividing the probability of the process by dI, we 
obtain the cross-section 


3 
do = Fict (bude e*et ? do’. (59.29) 


Similarly, if the atom is in a field of photons w’, k’, the incidence of a photon wo, k 
causes induced Raman scattering, whose cross-section is proportional to the 
density of photons w’, k’. 


t In the rest of this section, ordinary units are used. cae 

+ This operation amounts to complete averaging over the directions of e by eet = 35%, followed by 
multiplication by 2 x 2 x 4a x 47. 

§ The lifetime of the 2s) level for double emission is 0.15 sec. 
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The calculation of the tensors (ci.);2 or (bix)i2 for specific atoms requires that of 
sums of the form 


(M % a = “DE (di aa et (59.30). 


with E taking the values E,;+hw or E,+fw'. To simplify the notation, let us 
discuss a hydrogen atom. We write the sum (59.30) as the integral 


(My, = | W8(t) G(r, r') didn(r’) Bx 22x’, (59.31) 
where 
py oe eA (r’) 
G(r, r’; E) = > E.-E_10 (59.32) 


Let the operator H — E, where H is the Hamiltonian of the atom, act on the 
function G. Since Hy, = E,W, we obtain 


(H - E)G = D> Un (r) yr (r'). 


The sum is the delta function 5(r—r’), since the set of functions wy, 1s complete. 
Thus the function G satisfies the equation 


(A — E)G(r,r’; E) = 5(r-r’), (59.33) 


le. it is the Green’s function of Schrédinger’s equation; the avoidance rule in 
(59.32) decides which solution of this equation is to be taken. Thus the problem of 
calculating the sum (59.30) reduces to finding the Green’s function of the atom. An 
exact solution of equation (59.33) is, however, possible only if we know the exact 
solutions of the homogeneous Schrédinger’s equation, i.e. in practice only for the 
hydrogen atom.t 


PROBLEM 


Calculate the probability of elastic scattering of a (non-relativistic) electron by an almost mono- 
chromatic standing light wave (P. L. Kapitza and P. A. M. Dirac, 1933). 


SOLUTION. The standing wave may be regarded as a combination of photons with momenta k and 
—k (and equal polarizations). The scattering of the electron may be regarded as the absorption of a 
photon k and induced emission of a photon —k, so that the electron momentum p is changed by 2hk and 
rotated (without change of magnitude) through an angle @ such that [p| sin?@ = hw/c. The probability of 
this process can be obtained from the Thomson scattering cross-section (59.15), 


do = rile’* - el” do’ 
= redo’, 
+t See L. Hostler, Journal of Mathematical Physics 5, 591, 1964. The application of this Green's 


function to calculate the scattering amplitude for the hydrogen atom is given by Ya. I. Granovskii, 
Soviet Physics JETP 29, 333, 1969. 
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by multiplying by the flux density of photons with momentum k and the number of photons with 
momentum ~k. 

The flux density of photons having frequencies in the range dw is cU., deo 2h, where U, dw is the 
energy density i in the standing wave in the spectrum interval dw; the factor } appears because the energy 
of the wave is equally divided between the photons moving in opposite directions. The momenta k of all 
the photons forming the standing wave are parallel to a certain direction n (the “direction” of the 
standing wave). In other words, the energy density as a function of the frequency and direction of the 
photons n’ is Usa = Uu 5 (n' — n). Accordingly, the number of —k photons is 


te: 
| Neto ne ae 
cf. (44.8). The electron scattering probability per unit time is then found to be 


-2re att | U2 dw. 


The factor w “ is taken outside the integral, since the non-monochromaticity Aw is assumed small. The 
value of the integral is inversely proportional to Aw (for a given total intensity). 


$60. Scattering by freely oriented systems 


If an atomic energy level is not degenerate, the polarizability and intensity of 
coherent scattering are determined by the same tensor ay =(cx)\;. If the level is 
degenerate, however, the observed values of these quantities are averaged over all 


states belonging to the level in question. The polarizability must be defined as the 
mean value 


Qik = (Cik)11- 


The observed scattering intensity 1s determined by the mean values 


(Cik )11€Cim)11- 


The relation between the polarizability and the scattering is therefore more in- 
direct. . 

Although each of the quantities (c;,);; may be complex, their mean values (in the 
absence of absorption, with a, an Hermitian tensor) are real, since on averaging we 
can choose arbitrarily the set of independent wave functions (corresponding to a 
given degenerate level), and we can always ensure that all the functions are real. 

For free atoms or molecules (not in an external field), the degeneracy of levels 
is usually due to an angular momentum which is freely oriented in space. Let the 
initial state in scattering have angular momentum J,, and the final state J,. As usual, 
the scattering cross-section must be averaged over all values of the component M,, 
and summed over the values of M2. After the averaging, the cross-section is 
independent of M2, and the summation is therefore equivalent to multiplying by 
2J,+ 1. Thus the averaged scattering cross-section is 


de = wo’ Hi, e;* e,e,e% do’, | (60.1) 
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where 


care = TT 1 »> (Cik 210 Cim Fi 
= (232+ I)(Cik)ar(Cim) $13 (60.2) 


the bar with index | signifies averaging over M,. 

For Rayleigh scattering, states 1 and 2 belong to the same energy level (w)2 = 0). 
If only coherent scattering is considered, then states 1 and 2 must coincide 
completely, so that M, = M>. In that case the summation over M), and hence the 
factor 2J,+ 1 in (60.2), no longer appear: 


Citm = = (Cix)11(Cim)t1 : (60.3) 


The result of the averaging can be written down without further calculation by 
using the fact that averaging over M, is equivalent to averaging over all orientations 
of the system, after which the mean value can only be expressed in terms of the 
unit tensor 5,, and the only non-zero mean values are those of products of 
components of either the scalar, the symmetric or the antisymmetric part of the 
scattering tensor; it is clear that the unit tensor cannot yield expressions with the 
symmetry properties of cross-products. Thus 


C Kim = G21 SinSim + € fan + Chie, (60.4) 
where 
GS, = (2J,+ I\(c Sie 

chin = (2J, + 1)(e aC iS : (60.5) 

C {int = (2J2 + 1N(e%)a(c hh ; 
The scattering cross-section (and therefore the scattering intensity) for a freely 
oriented system is therefore a sum of three independent parts, which will be 
referred to as scalar, symmetric and antisymmetric scattering. 

Each of the three terms in (60.4) can be expressed in terms of one independent 
quantity: the scalar scattering is expressed in terms of G%,, and for the symmetric 
and antisymmetric scattering we have 

= = 6G G 31(8i15km + dimOxt — £5i5im)s 
= (2J,+ IN(Cida(Char ; 
c mn = §G51(5i5im — Simdki)s 


G3, = (2Jot+ IMcA lea 5 


(60.6) 


the combinations of unit tensors are derived from the symmetry properties, and the 
common factor is then found by contracting with respect to the pairs of indices i, | 
and k, m. 
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On substituting (60.4)-(60.6) in (60.1), we obtain for the scattering cross-section 


dé = wo'{G3,e’* - el? + 5G4(1 + le’ - el? — Je’* - el?) +4G3,(1 — le’ - el”)} do’. 
(60.7) 


This formula shows explicitly the angular dependences and polarization properties 
of the scattering. 

The total cross-section for scattering in any direction, summed over the 
polarization of the final photon and averaged over the polarization and direction of 
incidence of the initial photon, is easily obtained directly from (60.1) by noting that 


oe | 
ete, = 385i 


if the averaging is over both the polarization and the direction of propagation of the 
photon; summation over these would give a corresponding result larger by a factor 
2x47. The result is 


81 3. (21 
=, ww’ ix 


Q1 


= 2 wwo(3G), + G3; + G4,). (60.8) 


It has already been mentioned that the selection rules for scattering are the 
same as those for the matrix elements of an arbitrary tensor of rank two. Because 
of the separation of the scattering intensity into three independent parts, it is 
convenient to state the rules for each part separately. 

The selection rules for symmetric scattering are the samé as those for electric 
quadrupole radiation, since the latter is likewise determined by an irreducible 
symmetric tensor (the quadrupole moment tensor). For antisymmetric scattering, 
the selection rules are the same as those for magnetic dipole radiation, since both 
are determined by an axial vector (an antisymmetric tensor is equivalent, or dual, 
to an axial vector).t There is a difference here, however, in that the diagonal matrix 
elements, which in the case of emission give the mean values of the electric or 
magnetic moments (and do not correspond to radiative transitions), are important 
in the case of scattering, since they relate to coherent scattering. 

For scalar scattering the selection rules are the same as those for the matrix 
elements of a scalar. This means that only transitions between states of the same 
symmetry are possible. In particular, the values of the total angular momentum J 
and its component M must be the same, and the matrix elements diagonal in M are 
independent of M; see QM, (29.3). For Rayleigh scattering, therefore, states | and 
2 must coincide completely (as regards M as well as energy), and so scalar 
Rayleigh scattering is entirely coherent. Conversely, since in scalar scattering all 
states always combine with themselves, it follows that in coherent scattering there 
is always a scalar part. 


t This refers, of course, to the selection rules based on symmetry, and not due to the specific form 
of the axial vector in the case of emission; the magnetic moment vector includes a spin part, whereas in 
scattering we have the matrix elements of orbital (coordinate) quantities. 
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For a system freely oriented in space, the polarizability tensor also must be 
averaged over the directions of the angular momentum J,, in the same way as the 
scattering cross-section has been averaged above. The averaging is very simply 
carried out: we evidently have 


an = (Cun =(c Na One 


The symmetric and antisymmetric parts of the scattering tensor vanish on 
averaging, since 5, is the only isotropic tensor of rank two. 

It has been mentioned that the diagonal matrix elements of a scalar are 
independent of M;. The mark of averaging of (c°),,; may therefore be omitted, and 
this quantity calculated for any M,, so that the polarizability 1s 


Qin = (C 11 5ix. (60.9) 


For the same reason, the averaging sign may be omitted in the quantity G!,, which 
determines the scalar part of the coherent scattering: 


G8 =r = (ei; (60.10) 


the factor 2J,+1 is omitted in accordance with (60.3). Thus there is a 
simple relation between the mean polarizability and the scalar part of the coherent 
scattering: both are determined by the quantity 


(C\1=3> a ld,,,/°. (60.11) 


PROBLEMS 


PROBLEM |. Find the angular distribution and the degree of depolarization in the scattering of 
linearly polarized radiation. 

SOLUTION. Let @ be the angle between the direction of scattering n’ and the direction of 
polarization e of the incident radiation. The scattered radiation has two independent components, 
polarized one in the plane of n’ and e (intensity I,) and one perpendicularly to this plane (intensity 12); 
the degree of depolarization is I2/I,. The intensities I; and I, are given by (60.7) with the appropriate 
directions of e’. : 

In scalar scattering, the radiation remains completely polarized in the same plane (I, = 0), and the 
angular distribution of intensity is 


Here and below, the expressions for I = I, +I, are normalized so as to give unity on averaging over 
directions. 
In symmetric scattering 
I=%(6+sin’@), —-b/I, = 3/(3 + sin’ 6). 
In antisymmetric scattering 


I=X1+cos’@),  — n/ I, = 1/cos’ @. 


PROBLEM 2. The same as Problem 1, but for the scattering of natural light. 
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SOLUTION. Formula (60.7) can be applied to natural (unpolarized) incident light by the substitution 
eet > 2(Sx — nin), 


which corresponds to averaging over the direction of polarization e with a given direction of incidence n. 
The scattered light will be partly polarized, and from considerations of symmetry it is evident that its 
two independent components will be linearly polarized in the scattering plane of n and n’ (intensity Jj) 
and perpendicularly to this plane (intensity J,). The scattering angle between n and n’ will be denoted by 
8 


For scalar scattering 


Il=I,+h=i1+cos’ 9), =‘ Iy/1. = cos’ 8. 


For symmetric scattering 


1=%(13+cos’ 9), Al. = (6+ cos’ 9)/7. 
For antisymmetric scattering 
l=3(2+sin’ 9), =f. =1+sin’ 9. 


PROBLEM 3. For scattering of circularly polarized radiation, determine the reversal factor (the ratio 
of the intensity of the component circularly polarized in the ‘reverse’”’ direction to that of the 
component polarized in the original direction). 


SOLUTION. For circularly polarized incident radiation, the angular distribution and the degree of 
depolarization (J;/I,) are the same as in the scattering of natural light. 

Let the vector e of the incident radiation have components (1/V 2)(1, i, 0) in coordinates such that the 
xz-plane is the scattering plane and the z-axis is along n. Then the polarization vectors for the reverse 
and original circularly polarized components of the scattered radiation are 


ae | we ne ih | act 
e = 79 (cos 9, —i, —sin 3) and = 779 (cos 8, i, —sin $). 


Calculation of the intensity by means of (60.7) gives the reversal factors P for the three types of 
scattering: 


_ 13+cos? +10 cos 8 


= a _ 1—cos*39 
13+ cos’ 9 — 10cos 9’ 


o_ 41 s = 
Pp’ =tan 39, P T= sin’t9” 


P 


where 0 is the scattering angle. 


PROBLEM 4. Calculate the cross-section for scattering of a low-frequency photon by a hydrogen 
atom in the ground state. 


SOLUTION. A low-frequency photon can undergo only elastic scattering. Since the orbital angular 
momentum | of the hydrogen atom in the ground state is zero, the selection rules (neglecting the spin-orbit 
interaction) allow only scalar scattering. The static polarizability of the atom is (in ordinary units) 
a = (9/2)(h?/me’)?; see QM, $76, Problem 4. Substitution in (60.8) gives the required cross-section: 


a1 = 54ar(wic)(h?/me’)’®. 


PROBLEM 5. Calculate the cross-section for elastic scattering of y rays by a deuteron (H. A. Bethe 
and R. E. Peierls, 1935). 


SOLUTION. The wave functions of the deuteron ground state and of its continuous-spectrum states 
(the dissociated deuteron) are 


w=! , w=eP™, «= VMI); 


r 


see (58.2), (58.3). The matrix element of the dipole moment is dpo = —ieppo/ Mwpo and has been calculated 


236 Scattering of Radiation §60 
in §58: 


4mie | k p 


dpo = ~ Madpo Ink +p" 
with the frequencies wo = (p’ + x’)/M. 
The polarizability tensor is 
= l2 [20 GP, eos 
oa 15 | Saal Sat Tita 


The first term is due to the virtual excitation of the internal degrees of freedom of the deuteron, and is 

written in the form (60.11). The second term is due to the action of the wave field on the translational 

motion of the deuteron as a whole. Since this motion is quasi-classical, the corresponding part of the | 

scattering tensor is given by (59.14), with m replaced by the deuteron mass 2M. 
The calculation of ax depends on that of the integral 


co] 


4 
z dz 


J= Zeya+ yoy] z=plk, = y = Mol«’* =a. 
We have 
HEC) 
8 iLdA \A dA/ faet 
where 


Re 1 z‘ dz 
on 2 J FG 4 Y= 7 


When y <1, the integrand has poles at the points iA, iV(1+ y), iV(1— y) in the upper half-plane of the 
complex variable z; the integral Jo can be calculated from the residues at these poles. The result is 


3/2 ee 
J =ja{Uey Cow (+4) 
2 2y 2y By" 
The total scattering cross-section is expressed in terms of ax by (60.8), and is (in ordinary units) 


o = 80 (€ )|-1- £622 (aay ed I) for y = hw/I <1 
3 \Mc? IV 3" ” a4 i 


For y > 1 the scattering amplitude (above the deuteron dissociation threshold) is-found from that for 
y <1 by analytical continuation; it has an imaginary part, which must be positive (in accordance with the 
avoidance rule in (59.17)): 


_8r/e \ 4 2 yz, 3 2 7. yl’ 
c= * (2) | 1 S52 ayn’ oN ey 1) for y> 1. 


When y > | we have o = (87/3)(e7/Mc’)’, which agrees, as it should, with (non-relativistic) scattering by 
a free proton. | 
The angular distribution of radiation is 


do = o -i(1 + cos’ 6) do/4n, 
where @ is the scattering angle. If the scattering amplitude is defined by (59.24), we have 


2e (y ca 1)*? 


im f(0) = 30 = 


for y>1. 


According to the optical theorem (59.26), this quantity must equal wo,/47, where o, is the total 


361 Scattering by Molecules 237 


cross-section for photodissociation (58.4). The elastic scattering cross-section is of a higher order (~ e*) 
than the dissociation cross-section (~e*; see (58.4)), and therefore o: is equal to the dissociation 
cross-section. For the same reason, in the approximation considered, the scattering amplitude was found 
to be real for y <1 (i.e. below the dissociation threshold). 


§61. Scattering by molecules 


The specific properties of molecular scattering are due to the same properties of 
molecules as form the basis of the theory of molecular spectra, namely the 
possibility of treating separately the state of the electrons with the nuclei fixed and 
the motion of the nuclei in a given effective field of the electrons. 

Let the frequency w of the incident radiation be less than the energy w, of the 
first electron excitation. Then the electron terms will not be excited in the 
scattering process. The scattering will be either Rayleigh scattering, or Raman 
scattering due to the excitation of rotational or vibrational levels. 

Let us further assume that the electron ground term of the molecule is not 
degenerate (and has no fine structure). That is, we assume that the total spin of the 
electrons and the component of their total orbital angular momentum along the axis — 
of the molecule (for molecules of the symmetrical-top type) are both zero. 
For diatomic molecules this means that the electron ground term must be '2. 
These conditions are known to be satisfied for the ground states of most mole- 
cules.t 

Finally, we shall assume the frequency w large compared with the intervals in 
the nuclear (rotational and vibrational) structure of the ground term, and the 
difference w, — w to be in a similar relation to the nuclear structure of the excited 
term. Thus the frequency of the incident radiation must be sufficiently far from 
resonances. These conditions make it possible, in calculating the scattering tensor, 
to ignore at first the motion of the nuclei and to discuss the problem with a given 
configuration of the nucle. 

In such a problem, the scattering tensor is the same as the polarizability tensor, 
Qix =(Cx)i1, and can in principle be calculated from the general formula (59.17), in 
which the summation is over all excited electron terms. The quantities a, thus 
obtained will be functions of the coordinates q of the nuclear configuration (the 
energies and wave functions of the electron terms depend on these coordinates as 
parameters). Since the state is not degenerate, the tensor ax(q) is real, and 
therefore symmetrical. 

The tensor ay(q) is the electronic polarizability of a given nuclear configuration 
in the molecule. To solve an actual problem of scattering, we have also to take into 
account the motion of the nuclei in the initial and final states. Let w,,(q) and ,,(q) 
be the nuclear wave functions of these states, s, and s, being the sets of vibrational 
and rotational quantum numbers. The required scattering tensor is the matrix 


+t The results given below are, however, valid (to a certain approximation) also for cases where 
degeneracy of the electron ground term is due to a non-zero spin, the spin-orbit interaction being small 
(so that the resulting fine structure may be neglected). In this approximation, states with different spin 
directions do not combine, and in this sense they behave as if they were not degenerate. The molecule 
O2, with ground term °S, is of this type. 
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element of the tensor a,,(q) with respect to these functions: 
(siloulsi) = f vX(adan(au,(4) da (61.1) 


Because the tensor a,(q) is symmetrical, so is the tensor (61.1) (whether s; and s, 
are the same or not). Thus we conclude that, under the conditions stated, there will 
be no antisymmetric part in either Rayleigh or Raman scattering. The scattering 
will include only scalar and symmetric parts. 

The scalar part a°(q) of the polarizability is independent of the orientation of 
the molecule, and depends only on the internal configuration of the atoms within it. 
Let v denote the set of vibrational quantum numbers of the molecule, and r the set 
of rotational numbers other than the magnetic number m. Then the matrix elements 


are 
(var2m2|a°|viFM4) = (v2]a°|v1)5,,7,5mymy- (61.2) 


The diagonality with respect to the numbers r and m is true of any scalar. The 
particular property of (61.2) is that here the elements do not depend on these 
numbers at all. Thus the scalar scattering occurs only for purely vibrational 
transitions and does not depend on the rotational state. 

The symmetric scattering is determined by the matrix elements of the tensor 
ai,. Its components in a fixed coordinate system xyz are expressed in terms of the 
components a}, in a system nf moving with the molecule by 


Qik = ey ain Dri Dy, (61.3) 


where the D;; are the direction cosines of the new axes relative to the old. The 
quantities a}, do not depend on the orientation of the molecule, and the D;; do not 
depend on the internal coordinates. Hence 


(v2ryma|ak|vyrM1) = > (va ix|vi+r2m2|DiDealrim)). 
t, 
The sum of the squared moduli of these quantities over r,, m2, i, k is easily seen to 


bet 
> p> \(v2r2m2|ai,|virim)|? = > \(vo]ae fy |v4))?. (61.4) 


r2,™2 


t In transforming the sum we use the equation 


D> D> (rim 4|DuDyg|r2m2)(r2m2| Dir Deg |r) 


rim) = (rym |S Sgg{rim) = 5 See’, 


= (rum » DiDegDir Dig: 


which expresses the unitarity of the matrix Dy. 
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This means that the total intensity of scattering with transitions from a given 
vibrational-rotational level v,, r; to all rotational levels of the vibrational state v2 ts 
independent of r;. 

For molecules of the symmetrical-top type, we can go further and derive a 
relation between the scattering intensity and the rotational quantum numbers for 
every transition v)r,— v2r2. In this case the numbers r are the angular momentum J 
and its component k along the axis of the molecule. We replace the Cartesian 
components of a} by the corresponding spherical tensor of rank two, denoting its 
components by a, (A = 0, +1, +2). According to QM, (110.7), the squared moduli of 
its matrix elements are 


(v2Jok2m2|a,|v,)J)kym,)|’ 


” J, 2 ail J, 2 ny 54405 
=2N+DAR+D( sr) (cay pa,) Kelantooe, 


where 4,(q) is the spherical polarization tensor relative to axes fixed in the 
molecule, and A’=k,—k,. Summing over m, and A = m,—™m, (with m fixed), we 
obtain (cf. QM, (110.8)) 


S KeakemslasloTikimyP=2h+ Dy? S p')Kealalone. 61.5) 


This quantity determines the intensity of scattering with the vibrational-rotational 
transition v,J,k,— v2J2k2. Since the matrix elements (v|a,|v,) do not depend on the 
rotation of the molecule, this also defines the dependence of the intensity on J, J, 
and on k,, k,. The right-hand side of (61.5), it may be noted, involves only one 
spherical component of the polarizability tensor. 

- Summation of (61.5) over Jz and k, givest 


» : > Kv2J2kamzla,|viJikym))P = > (vata, lvl’, 


2, kz, mz 


and we return to the sum rule (61.4). 

A special case of the symmetrical top is the rotator, a linear molecule (or, as'a 
particular instance, a diatomic molecule). The angular momentum component along 
the axis of such a molecule is zero (in a non-degenerate electronic state with zero 
electronic orbital angular momentum).f In this case, therefore, we must put 
k, = k, =Qin (61.5). 

Finally, let us consider the question of the selection rules in vibrational Raman 


t In the summation over J2 with given k,, A‘ (and k; = ki +A‘), we have 


| Jy 2 TV 
Yah+ v(_y r' ) = 


eels hs QM, (106.13). The summation over k2 (or, equivalently, over A’ = k2— k,) is then effected 
or given ky. 

+ Here we do not include effects due to the interaction between the vibrations and the rotation of the 
molecule (see QM, §104). 
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scattering, together with the cognate question of vibrational emission (or ab- 
sorption) spectra of molecules.t 

For scattering, the problem is simply to find the conditions under which there 
are non-zero matrix elements of the tensor ax(q) with respect to the vibrational 
wave functions w,(q); the scalar a° (for scalar scattering) and the irreducible 
symmetrical tensor ai, (for symmetric scattering) have to be considered separately. 
A corresponding role in emission (or absorption) is played by the matrix elements 
of the vector d(q), the dipole moment of the molecule averaged over the electronic 
state with a given position of the nuclei. This has already been stated in §54 for 
diatomic molecules. 

The vibrations of a polyatomic molecule are classified according to types of 
symmetry, the irreducible representations D, of the corresponding point group, 
where a numbers the representation (see QM, §100). These representations also 
define the symmetry of wave functions of vibrational states of the molecule (see 
QM, §101). The symmetry of the wave functions of the first vibrational: state 
(quantum number v, = 1) is the same as the symmetry D, of the vibration type; the 
symmetry of the higher states (v, > 1) is given by the representations [D¢7], which 
are symmetric products of v, representations D,. Finally, the symmetry of states in 
which different vibrations a and b are simultaneously excited is given by the direct 
product [D¢*} x [D}].¢ The selection rules for the various quantities (scalar, vector, 
tensor) with respect to types of symmetry are found as described in QM, §97. 

The selection rules resulting from the symmetry properties of the molecule are 
rigorous. There are also approximate rules based on the assumption that the 
vibrations are harmonic and that the functions a«(q) or d(q) can be expanded in 
powers of the vibrational coordinates q. These are a consequence of the known 
selection rule for a harmonic oscillator, according to which the matrix elements of 
the oscillator coordinate q are zero except for transitions in which the change in 
the vibrational quantum number Av = +1. 


§62. Natural width of spectral lines 


So far, in the study of emission and scattering of radiation, we have regarded all 
the levels of the system (an atom, say), as being strictly discrete. But in fact excited 
levels have a certain probability of decay by emission, and therefore a finite 
lifetime. According to the general principles of quantum mechanics, this has the 
result that the levels become quasi-discrete, with a certain small but finite width 
(see QM, §134); they can be written in the form E —+il', where ['(=I/A) is the total 
probability (per unit time) of all possible processes of ‘‘decay” of the state 
concerned. 

Let us consider how this situation affects the process of emission (V. Weisskopf 
and E. Wigner, 1930). It is evident that, because of the finite width of the levels, the 
emitted radiation will not be strictly monochromatic: its frequencies will be spread 


t These spectra lie in the infra-red, and are usually observed as absorption spectra. 

¢ The symmetry properties of the vibrational wave functions are, of course, independent of the 
specific form of the vibrational potential energy, and in particular are independent of the assumption 
made in QM, $101, that the vibrations are harmonic. 
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over a range Aw ~ I (=I'/h). But, in order to measure the frequency distribution of 
the photons with this accuracy, the time needed is T > 1/Aw ~ 1/I’. During this time 
the level will almost certainly decay by emission. We therefore have to deal with 
the determination of the total probability of emission of a photon of a given 
frequency, not with the probability per unit time. We shall calculate this total 
probability, first of all, for a transition of an atom from some excited level E, —4iT, 
to the ground level E,, which has an infinite lifetime and is therefore strictly 
discrete. 

Let V be the wave function of the atom and the photon field, and H = H®+V 
the Hamiltonian of the system, where V is the atom-field interaction operator. We 
shall seek a solution of Schrédinger’s equation 


i= = (H+ Vw (62.1) 
in the form of an expansion in terms of the wave functions of the unperturbed 
states of the system: 


V=> a (t)y¥O => al(the yy. (62.2) 


For the coefficients a,(t) we obtain the equations 


j Se =D (v|V|v')a, expfil, — 8,)t}. (62.3) 

Let |v) be a state with energy €, = E,+ w, in which the atom is at the ground 
level E, and there is one quantum with a definite frequency w; this state will be 
symbolized by |w2). At the initial instant, the system is in the state |1), the atom 
being excited to the level E;, with no photons present. Thus, for t = 0 we must have 


a,=1, a,=0 for |v’) ¥|I1). (62.4) 


The solution of equation (62.3) with this initial condition will give (with the 
appropriate normalization of the wave functions) the probability that at time t there 
has been a transition 1—2 of the atom with emission of a photon in the frequency 
range dw: it is |a.,2(t)|* dw. We are interested in the ultimate probability as t > ~: 


dw = |a,(©)|? dw. (62.5) 


In order to clarify the problem, it may be recalled that, in finding the ordinary 
emission probability (per unit time) with a transition 1-2 (neglecting the level 
width), equation (62.3) has to be solved with all the a,(t) on the right-hand side 
replaced, to a first approximation, by the values (62.4). The solution thus obtained 
is then examined for large t; cf. QM, §42. We can now describe this procedure 
more precisely; it relates to times short in comparison with the lifetime of the 
excited level, and the large values of t concerned are large compared with 
1/(E, — E,) but small compared with 1/T). 
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In our present case, where times comparable with 1/I, are considered, the 
function a,(t) decreases in time according to 


a(t) =e", (62.6) 


The functions a,(t) for states |v’) which can result from emission by the atom 
increase with time, however. If the transition from a given level E, can occur to 
various atomic levels (as well as to E,), there will be many increasing functions 
a,(t), each corresponding to a state in which the atom is at a certain level and there 
is one photon with the appropriate energy. Nevertheless, there still remains on the 
right of (62.3) only the term with |v’) = |1): since the matrix elements are zero 
except for transitions in which the number of photons with some one energy 
changes by 1, they are certainly zero for transitions between states containing one 
photon each, with different energies. 
Thus we have for a,2(t) the equation 


; da,.2 = 
dt 


= (w2|V|1) exp{i(w — w1.)t —4P it}, (62.7) 


(w2| 14 1) elErte-Eyta, 


where w)2 = E, — E>. Integration, with the condition a,,,(0) = 0, gives 


— exp{i(w — wi2)t — xT t} 


1 
2 = (w2| V1) wW-wotiil, 


(62.8) 


Hence the probability dw (62.5) is 


dw 
= |(w2|V|1)? ————5-—1 3. 
ae Nee) (w ~— wy) +40} 


Since the width [T,<w,, we can put w =, in the factor |(w2{/V{1)|. Then the 
quantity 27|(w2|V/|1)|’ is the ordinary probability (per unit time) for the emission of 
a photon with frequency w,2 and other properties besides the frequency, such as 
the direction of motion and the polarization, whose existence has so far been 
ignored in order to simplify the notation. The dependence of the probability on 
these characteristics is entirely determined by the factor |(w2|V|1)/’. Thus the 
allowance for the level width does not affect the polarization properties or the 
angular distribution of the radiation. 
The sum 


Di2 = 20 DS w2| VIL), (62.9) 


taken over the polarizations and directions of motion of the photon, is the usual 
total probability of emission. It is also the part of the width of the level E, (the 
partial width) which is due to the transition 1->2, as distinct from the total width 
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[,, which is made up of contributions from all possible modes of ‘‘decay” of the 
quasi-stationary state considered.f 

By a similar summation of the probability dw, we obtain the following final 
formula for the frequency distribution of the emitted radiation: 


dw 


—~y t1_ ae 
dw a QT (wi2—- w) +417 


(62.10) 


where w, = I,..2/I, is the total relative probability of the transition 1—>2. This is a 
dispersion-type distribution. The shape of the spectral line that is given by formula 
(62.10) is that which occurs for an isolated atom at rest, and is called the natural 
shape.t 

Now let the level E, of the atom be also an excited level with a finite width FP). 
We shall assume for simplicity that this width is due to transitions of the atom to 
the ground state Ey with the emission of one photon; the final result (62.12) will not 
depend on this assumption. The decay of state 1 can then be regarded as an 
emission of two photons, discussed in §59. The matrix element for this process (not 
yet taking account of the finite lifetime of state 2) is 


(ww'0| V1) = (ww'0| Vj w2)(w2} Vi 4). (62.11) 


Eo - E,+ w' + i0 : 


the state 2 in (59.2) becomes state 0, and in the sum over n the only remaining term 
corresponding to the atom in state 2 is the one which is large by resonance when w’ 
is close to E,— Ey. If we now take account of the finite lifetime of state 2, this 
simply changes E) into E,—3iY, in (62.11), giving 


MI TOL\ = (coea'0|V[eo2 2] V1) 
we OV I1) Ey— E+ w'+5iP, ; 


Substituting this value of the matrix element in the equation for a,...(t) (which 
differs from (62.7) only as regards notation), we obtain by a derivation exactly 
similar to that of (62.8) 


iy (ww 0} Vj w2)(w2| V1) 


w' — w+ 3iT2)(w + w' — wig + 3iT 1) 


The probability of emission of the photons w and w’ is 


dw = |a..0(%)|’ dw dw’ 


— Pia Tr0 dw da' 
=F. 5 WD VEIPRIC. wD LO LIP ay" 
20 2m [(w'— wm) + al M(w + w’ — wy) + V3] (62.12) 


+t Formulae (62.6) and (62.9) can, of course, also be obtained by solving the equation for a(t) 
analogous to (62.7). 

We may note that transitions to states of the continuous spectrum, causing a finite level width, do not 
necessarily involve the emission of photons. Highly excited (X-ray) levels can decay with emission of an 
electron and formation of a positive ion in the ground state (the Auger effect). 

t As distinct from the broadening caused by the interaction of the atom with other atoms (collision 


broadening) or by the presence of atoms in the source which move with various velocities (Doppler 
broadening). : 
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This expression has sharp peaks at w’ ~ wy and at w ~ w)2, aS it should. 

The shape of the spectral line corresponding to the transition 1-2 is obtained 
by integrating (62.12) with respect to w’; the range of integration can extend from 
—c« to +, The integral is most simply calculated by closing the contour of 
integration with an infinite semicircle in the upper half of the complex w’-plane, and 
is given by the sum of the residues of the integrand at the poles 


w! = wo + hiT, wo’ =o )—o0 + hil). 
The result is 


¥ ae rT, dw 

a 27 (w- aw) +40 +P.) Gls) 
where w, =[T\o21 240/F' D2 is the total probability of the double transition 1—>2--0.T 

The line shape (62.13) differs from (62.10) only in that [, is replaced by T°, +T;: 
the line width is equal to the sum of the widths of the initial and final states. 

The line width is not, in general, equal to the probability I',.. of the transition 
1— 2 itself, i.e. is not proportional to the line intensity as in the classical theory. 
Since [,+T, > TF .2, the line can have a large width with a relatively small intensity. 


§63. Resonance fluorescence 


The allowance for the finite width of the levels in problems of radiation 
scattering is important when the frequency w of the incident radiation is close to 
one of the “intermediate” frequencies w,, or w2,; this is called resonance fluores- 
cence (V. Weisskopf, 1931). 

Let us consider Rayleigh scattering by a system (an atom, say) in the ground 
state, so that the initial and final levels are the same and are strictly discrete. Let 
the frequency of the radiation be close to a certain frequency w,,, where the level n 
is an excited level and is therefore quasi-discrete. 

This problem could be solved by the method shown in §62, but there is no need 
to do so, since it is exactly analogous to the problem of non-relativistic resonance 
scattering at a quasi-discrete level (QM, §134). According to the results derived 
there, the scattering amplitude must contain a pole factor 


I 
w —(E, — Hil, — E,) 


When |w — w,:|>T,, on the other hand, the result must tend to the non-resonance 
formula (59.5). It is therefore clear that the required scattering cross-section is 
obtained by simply replacing E, by E, —14iF, in (59.5); the sum over n can be 


t In more complex cases, w, is the total probability of all cascades which begin with the transition 
12 and finish at the level 0. 
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restricted to the resonance terms: 


2 
| (d>, : e’*)(di1 2 e) ; 
i = ‘ ; 
da ey ar w" do (63.1) 


(Wal n 


The summation ts over all states (having different angular-momentum components 
M,,) corresponding to the resonance level E,,; the states 1 and 2 belong to the same 
level (the ground level), but may differ in the values M, and M). 

The cross-section (63.1) has its maximum value when w = w,;, and this value is, 
in order of magnitude, oma =~ wd‘/T?. Since the probability of the spontaneous 
transition n > 1, and hence the width T,,, ~ wd’, this value is 


Omax ~ llw? ~ A’, (63.2) 


of the order of the square of the wavelength and independent of the fine structure 
constant, as compared with typical values ~ r2 outside the resonance region. 

It must be emphasized that, since the atom is at a strictly discrete level (the 
ground level) before and after the scattering, the frequencies of the primary and 
secondary photons are exactly the same. If the incident radiation is mono- 
chromatic, the scattered line will therefore be monochromatic also. If the incident 
radiation has a spectral intensity distribution I(w) which varies only slightly over 
the width I[’,, the intensity of scattered radiation will be proportional to 


I(@ni) dw 
; 
(o = wai) + eee 
Thus the shape of the scattered line will be the same as the natural shape for 
spontaneous emission from the level E,. 
The cross-section (63.1) corresponds to the scattering tensor 


(di )on( dk Yn 
(Cx )ar = mT Te (63.4) 


Wnt —@W— 21» 


In particular, the polarizability tensor is 


(dj)in(dk ni 
ik = (Ca) = = a (63.5) 


Wni— @W— ll» 


It can be seen immediately that the addition of an imaginary part to the energy 
levels of the intermediate excited states makes the polarizability tensor no longer 
Hermitian, even at frequencies below the ionization threshold. It contains an 
imaginary part which is directly related to the absorption of radiation. 

After absorbing a photon, the atom will sooner or later return to the ground 
state, emitting one or more photons. The absorption cross-section, viewed in this way, 


246 Scattering of Radiation §63 


is just the total cross-section o; for all possible scattering processes.f On the other 
hand, according to the optical theorem (59.25), the cross-section can be expressed in 
terms of the anti-Hermitian part of the polarizability tensor. 

Substituting in (59.25) the tensor a, from (63.5), we find the following formula 
for the cross-section for absorption of a photon with frequency w close to w,): 


oT 
= 2 le 24n 
OG, =4n 2 dn e| © Tone, Pa] (63.6) 


In the limit as I’, ~0, the last factor tends to the delta function 6(w — w,)), in 
accordance with the fact that in this case only a photon having one particular 
frequency can be absorbed. Let radiation with a spectral and angular energy flux 
density I,. (cf. (44.7)) be incident on the atom. Then the flux density of number of 
photons is (],./w) dw do, and the probability of absorption is 

dw, = o,(i,./w) dw do. (63.7) 


If the function I,.(@) varies only slightly over the width [,, then we have after the 
integration over frequencies 


dw, = dar’ 2. Idi : el Te(Wn1) do. 
According to (45.5), 
w? 2 
dWsp = aa » lini c e*| do 
3 
See - el? 
ore p2 Idi e| do 


is the probability of spontaneous emission of a photon having the frequency a,); 
thus we return to formula (44.9). 


t This discussion, it must be emphasized, refers to absorption by a system in its stable ground state. 
The problem would have to be stated differently for an excited state, because of the finite duration of 
the experiment. 


CHAPTER VII 


THE SCATTERING MATRIX 


§64 ‘rhe scattering amplitude 


THE general problem concerning collisions is to find, for a given initial state of the 
system (an assembly of free particles), the probabilities of various possible final 
states (other assemblies of free particles). If |i) denotes the initial state, the result 
of the collision can be represented as the superposition 


py IF <FISIi), (64.1) 


in which the summation is taken over the various possible final states |f). The 
coefficients in this expansion (f|S|i) (or, more concisely, S,;), form the scattering 
matrix or S-matrix. The squares |S;|’ give the probabilities of transitions to 
particular states |f). 

If there were no interaction between the particles, the state of the system would be 
unchanged, corresponding to a unit S-matrix (absence of scattering). It is con- 
venient to separate this unit matrix in all cases, writing the scattering matrix in the 
form 


Sji = yi aA i(27)*6(P; aa P;)Tji, (64.2) 


where T;; is another matrix. In the second term we have written separately the 
four-dimensional delta function which expresses the law of conservation of the 
4-momentum (P; and P, being the sums of the 4-momenta of all the particles in the 
initial and final states); the other factors are included for subsequent convenience. 
In the non-diagonal matrix elements, the first term in (64.2) does not appear, and so, 
for the transition i—f, the elements of the matrices S and T are related by 


Syi =i(27)*5(P,; = Pi) Ty. (64.3) 
The matrix elements T;, which remain after separation of the delta function will be 
called the scattering amplitudes. 


When the moduli |S,;| are squared, the square of the delta function appears, and 
is to be interpreted as follows. The delta function comes from the integral 


5 (P, ate P;) iss aay e@ (Py Pix d‘*x. (64.4) 


If another such integral is calculated with P,; = P; (since one delta function is 


247 


248 The Scattering Matrix §64 


already present), and if the integration is taken over some large but finite volume V 
and a time interval t, the result is Vt/(27)*.t Thus we can write 


|Spl? = (217)*8(P, mz P;)|T,i’ Vt. 
Dividing by t, we obtain the transition probability per unit time: 
Wei = (277 )*5(P; = P;)|T;i|? V. (64.5) 


Each of the free particles, initial and final, is described by its own wave 
function—a plane wave having some amplitude u (a bispinor for an electron, a 
4-vector for a photon, and so on). The structure of the scattering amplitude T;; is of 
the form 


Tj = utus...Quimo..., (64.6) 


where on the left we have the amplitudes of wave functions of final particles, and 
on the right those of initial particles; Q is some matrix relating to the indices of the 
wave amplitude components of all the particles. 

The most important cases are those where the initial state comprises only one 
or two particles. Then we have respectively the decay of one particle or the 
collision of two particles. 

Let us first consider the decay of a particle into any number of other particles 
having momenta p; in an element II d*p; of momentum space; the suffix a labels 
the particles in the final state, so that = p, = P;. The number of states in this element 
and in the normalization volume} V is 


I] V d*pi/(Qr)’. 


The expression (64.5) must be multiplied by this quantity: 


37 
dw = (27)'8(P, — P,)|Ta?V TT aah (64.7) 


a 


The wave functions used in calculating the matrix element must be normalized 
to ‘‘one particle in the volume V”’. For an electron, e.g., the wave function is the 
plane wave (23.1); for a particle with spin one it 1s (14.12); for a photon it is (4.3). 
All these functions include the factor 1/V(2eV), where « is the energy of the 
particle. Henceforth, however, it will be convenient to omit such factors in the 
wave functions, and include them in the expression for the probability. Thus the 


+t This can be shown in a different way by first calculating the integral over each coordinate in (64.4) 
for a finite range and then making the limits tend to infinity by means of QM, (42.4): 


2 
. sin'a 
lim g 


a 
§ + ta 


t For greater clarity, in the calculations in this section, we shall not take V to be unity. 


= 175(a). 
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electron plane wave will be 
w=ue'*, tu=2m, (64.8) 
and. the photon wave 
A= V(4m)ee™, ee* = —1, ek = 0. (64.9) 


The scattering amplitude calculated with these functions will be denoted by My; 
to distinguish it from T;,. Evidently 


M; 
=a ee oes ; 64. 
Ty (2eV...2e;V...)! (64.10) 


the denominator contains one factor V(2eV) for each initial or final particle. 
In particular, the decay probability 1s, instead of (64.7), 


1 d*p} 
= 4 5 (4) _— : 2 a 
dw = (277)'6(P; - P)IMyl'5- Ta > (64.11) 


where e Is the energy of the decaying particle; as we should expect, the nor- 
malization volume does not appear in this formula.t 

Formula (64.11) can be given a more definite form by eliminating the delta 
functions, if the decay produces two particles (with momenta pj, p; and energies e}, 


€>). In the rest frame of the decaying particle pj = — p3=p’, €; + €2=m. We have 
i = 3.7 33 a 
dw = ony ———; |M,\| am a ; 5(pi ate p2)d(eE} + £3 m) d Pi d°p 


The first delta function is eliminated by integration over d’p;; the differential d°p} 
is written as 


d°p'= p’dlp'| do 


eie2d(ei + 63) 
E;+ €) 


= |p'| do (64.12) 


The validity of this is easily seen by noting that e)?— mj? = e/7- my =p”. The 
integration over e; + €; eliminates the second delta function, and the result is 


— I Zhan! ' 
dw eC ee |Mji| [p’| do’. (64.13) 


Let us now consider a collision of two particles (having momenta p, and p, and 


t If the final particles include N N which are identical, a factor 1/N! must be inserted when integrating 
over their momenta to obtain the total probability; this factor takes into account the identity of states 
which differ only by an interchange of the particles. 
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energies e, and e2), in which they are transformed into any number of particles 
having momenta p,. Instead of (64.11) we now have 


= 49(4)7 Dp _ Dp. ay. I d°p, 
dw (27r)'6 (P, P;)|Mgji| dees UW Gay er 


a 


The quantity that is of interest in this case is, however, not the probability but 
the cross-section do. The cross-section invariant under the Lorentz transfor- 
mations is obtained from dw on dividing by 


j= 1/Ve ye, (64.14) 
where I denotes the 4-scalar 
I = V[(pip2)’— mim}); (64.15) 
see Fields, §12.+ In the centre-of-mass system (p; = — p2=p) 
I = |p|(e, + €2), (64.16) 
so that 
j= B(t4+) 25% (64.17) 


which is the same as the usual definition of the flux density of colliding particles, v, 
and v2 being their velocities.t Thus the cross-section is 


1 d’p! 
i 45(4 p _ D.\IA..|2 a 
dor = (277)'8(P; ~ P)IMul’ ge LI Gases. (64.18) 


This formula can be put into its final form by eliminating the delta function for 
the case where in the final state also there are only two particles. Let us consider 
the process in the centre-of-mass system, and let c« = €, + €, = €; + €2 be the total 
energy; p} = —p.=p and p; = —p;=p’ be the initial and final momenta. The delta 
function is eliminated in the same way as in the derivation of (64.13), and the result 


+For future reference, another form of I is 
I? = {{s — (mi + m2)"J[s — (mi — m2)’), (64.15a) 


where s = (pi + p2)’. 
t In an arbitrary frame of reference, 


j= é VI(v1 — v2)’ — (v1 X v2)’). 


This expression is the same as the ordinary flux density whenever v; is parallel to v2; then j = |v; — v2|/ V. 
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is 
= I |2 ip'| re 


in the particular case of elastic scattering, where the nature of the particles is 
unchanged in the collision, |p’| = |p]. 
This formula can be written in yet another form by using the invariant quantity 


t=(pi— pi)’ = mi t+ mi — 2(pip)) 
=mi+m—2e,e;+ 2|pi|lpi| cos 8, (64.20) 


where @ is the angle between p, and p;. In the centre-of-mass system the momenta 
\p:| = |p| and [p;|=|p’| are determined only by the total energy ec, and when e is 
given we have 


dt = 2|p||p'| d cos 8. (64.21) 


Hence, in (64.19), 


dod(-t) 
do' = — ddd cos 6 = ——. 
a ee Zell’ 


where @ is the azimuth of p; relative to p;.t Thus 


1 


sel 


dt d 
M,/ Ss ae (64.22) 


LT 


where I is again the invariant (64.16). The azimuth @¢, and therefore the cross- 
section in the form (64.22), are invariant under those Lorentz transformations 
which do not change the direction of relative motion of the particles. If the 
cross-section is independent of the azimuth, formula (64.22) takes the particularly 
simple form 


I 


ea 


IM, i (64.23) 


If one of the colliding particles is sufficiently heavy (and its state is unaltered by 
the collision), it acts only as a fixed source of a constant field in which the other particle 
is scattered. Since the energy (though not the momentum) of the system is conserved 
in a constant field, in this treatment of the collision process we can write the S-matrix 
elements in the form 


Sji =j° 275( Ey ae Fi) Tji. (64.24) 


+ Since the correct sign of the differential in such cases is obvious, we shall henceforward write 
simply dt for d(—t), and so on. 
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In the expression |S,;|’, the square of the one-dimensional delta function must be 


interpreted as 
1 
[5(E; - E\)! > 5— 6(E; — E;)t. 


Now, as in the derivation of (64.11), we change to the amplitude M;; instead of Tj, 
and obtain the following expression for the probability of a process in which one 
particle is scattered in a constant field and produces in the final state a certain 
number of other particles: 


es = 72 l d*pi 
dw = 2775(E; e )|M;j:| eV : (Qn) 26. 


Here ec (= E;) is again the energy of the initial particle, p, and e, the momenta and 
energies of the final particles. The scattering cross-section is found by dividing dw 


by the flux density j = v/V, where v =|p|/e is the velocity of the particle that 
undergoes scattering. The normalization volume again disappears, and the result is 


d*pa 
do = 218(E; — €)|Mgi(’ imple cre (64.25) 


In the particular case of elastic scattering, there is only one particle in the final 
state, with the same energy and the same momentum (in absolute value). Writing 


d*p'—p’d|p'| do’ = |p'|e' de’ do’ 


and eliminating 5(e'— e) by integrating with respect to e', we find the cross-section 
in the form 


do = = |M,i|2 do’. (64.26) 


Finally, if the external field is time-dependent, such as the field of a system of 
particles executing a given motion, the S -matrix also lacks the delta function of 
energy. Then S,;, =iT; and, after the change from TT; to My, by (64.10), the 
probability of (e.g.) a process in which the field creates a given set of particles is 


dw = |Mal TT abs (64.27) 


§65. Reactions involving polarized particles 


In this section we shall show by means of simple examples how the state of 
polarization of the particles concerned in the reaction is taken into account when 
calculating the scattering cross-section. 
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Let there be one electron in the initial state and one in the final state. Then the 
form of the scattering amplitude is 


My = u'Au (= Ui: Aux), (65.1) 


where u and uw’ are the bispinor amplitudes of the initial and final electrons, and A 
is some matrix, which depends on the momenta and polarizations of the other 
particles (if any) which take part in the reaction. 

The scattering cross-section is proportional to |M,|’, and 


(a'Au)* = u'y**A*u* 


= Ut Atyy! 
= GAu’, (65.2) 
wheret 
A= y°A*y’. 
Thus 


|M;i|? = (@'Au)(aAu’) 
uit AjujiimAmi- (65.3) 


Al 


If the initial electron is in a mixed (partially polarized) state with density matrix 
p, and if we wish to find the cross-section for a process in which the final electron 
is in a specified polarization state p’, the products of the bispinor amplitude 
components must be changed as follows: uj; pix, Utiim > Pim. Then 


|[M,i|° = tr (p’ApA). (65.4) 
The density matrices are given by formula (29.13): 


= (yp + m\(1 — y*(ya)) (65.5) 


and similarly for p’. 
If the initial electron is unpolarized, then 


p = 2(yp +m). (65.6) 
Substituting this expression is equivalent to averaging over the polarizations of the 
electron. If it is desired to determine the cross-section for scattering with any 


+ Since the matrix A has to be constructed, we shall note here, for future reference, the enonowing 
easily verified équations: 


rie y", y"y’. Ae 7’ = y’. =e a) (65.2a) 
a=* 8 7ST So a 


254 The Scattering Matrix 865 


polarization of the final electron, we must also put p’ = x(yp’+m), and double the 
result; this operation is equivalent to summation over the polarizations of the 
electron. Thus we have 


> > [Myl’ =2 tr {yp’ + m)A(yp + m)A}, (65.7) 


polar. 


where the sum is taken over initial and final polarizations, and the factor 3 converts 
one summation into an averaging. 

The density matrix p’ in (65.4) is a secondary quantity which essentially 
represents the properties of the detector as selecting one or the other polarization 
of the final electron, not the properties of the scattering process as such. There ts 
the question of the polarization state of the electron resulting from the scattering 
process itself. If p“ is the density matrix of this state, then the probability of 
detecting an electron in the state p’ is obtained by projecting p“’ on p’, i.e. by taking 
the trace tr (p” p’). This will be proportional to the corresponding cross-section, i.e. to 
|M,;|?. A comparison with (65.4) shows that 


po! ~ ApA. (65.8) 


Since we know that p” must have the form (65.5) with some 4-vector a“, we need 
only determine the latter. This could be done by means of formula (29.14), but it is 
even simpler to proceed as follows. 

We have seen in §29 that the components of the 4-vector a can be expressed in 
terms of those of the 3-vector ¢ which ts (twice) the mean value of the electron spin 
in its rest frame. The polarization states of the electrons are entirely determined by 
these vectors, and it is convenient to express the scattering cross-section also in 
terms of them. The square |M,;\|’ will clearly be linear in each of the vectors € and © 
which relate to the initial and final electrons, and its form as a function of C’ will be 


IM; =a+B-C, (65.9) 
where a@ and £ are themselves linear functions of C. 
The vector ( in (65.9) is the particular polarization of the final electron that is 
selected by the detector. The vector ¢“’, corresponding to the density matrix p”, is 
easily found as follows. According to the above argument, 


|My’ ~ tr (p'p). 


Since this quantity is relativistically invariant, it may be calculated in any frame of 
reference. In the rest frame of the final electron we have, by (29.20), 


p'p?~(lt+a-S)lta-o”). 
Hence 


[My l?~ 1+ 0-0, 
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and from a comparison with (65.9) 
CY = Bla. (65.10) 


Thus the calculation of the cross-section as a function of the parameter ( also 
gives the polarization ©”. 

In more complex cases, when there is more than one initial or final electron, the 
calculations are similar to the foregoing. 

For instance, if there are two electrons both initially and finally, the form of the 
scattering amplitude is 


Mg = (Uj;Au,)(U2Bu2) + (43Cu,)(4; Duy), 


where u), U2 are the bispinor amplitudes of the initial electrons, and uj, u; those of 
the final electrons. The square |M,i|* includes terms of the forms 


|a@{Au,?|a5Bu,) and (a#;Au,)(@;Bu,)(a5Cu,)*(a{Du2)*. 


The former reduce to products of two traces like (65.4); the latter reduce to traces 
having the form 


tr (pj Ap: CpiBp2D). 


Positrons are described by amplitudes with ‘negative frequency” u(—p). For 
reactions involving positrons, the only difference from the preceding analysis is 
that the expressions to be used for the density matrices differ from (65.5), (65.6) as 
regards the sign of m; cf. (29.16), (29.17). 

Let us now consider the polarization states of photons participating in the 
reaction. 

The polarization of each initial photon appears linearly in the scattering am- 
plitude in the form of a 4-vector e, and that of each final photon as e*. In each case 
the 4-tensor e,e* occurs in the cross-section (i.e. in the square |M,;|*). To obtain an 
arbitrary partially polarized state, this tensor must be replaced by the four- 
dimensional density matrix, the 4-tensor p,,: 


€,e* > py. (65.11) 
In particular, for an unpolarized photon, according to (8.15), 

Pav = — Bur (65.12) 
Thus averaging over polarizations of the photon is equivalent to contracting in 


|M,i|* with respect to the corresponding two tensor indices p, v.t 
If summation over the photon polarizations is desired, not averaging, then we 


. t The expression (65.12) as it were reduces the averaging over the two actually possible polariza- 
tions of the photon to one over the four independent directions of the four-vector e. 
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must replace e,e* by a quantity twice as large: 
€.e, > — Bur (65.13) 


The density matrix of the polarized photon is given by formula (8.17). The 
choice of the 4-vectors e"”, e” which appear in this expression is usually governed 
by the particular conditions of the problem. In some cases they may be related to 
certain spatial directions in a given frame of reference; in other cases, it is more 
convenient to relate them to the 4-vectors which characterize the problem, namely 
the 4-momenta of the particles. 

In (8.17) the polarization of the photon is described by the Stokes parameters, 
which form the “vector” & = (&), 2, €3). AS with the electron, it is necessary to 
distinguish the polarization &” of the final photon as such from the polarization €' 
that is selected by the detector. If the square of the scattering amplitude is known 
as a function of the parameter &’: 


IM, |’=a+B-&, 


then the polarization &” = B/a, exactly as in (65.10). 


§66. Kinematic invariants 


Let us consider some kinematic relations for scattering processes in which 
there are only two particles, both in the initial state and in the final state. The 
relations in question are deduced from the general conservation laws alone, and are 
therefore valid for all particles and all laws of interaction. 

The law of conservation of 4-momentum, in a general form that does not specify 
which are the initial and which the final particles, is 


Gi + qo+ q3+ qs = 0. (66.1) 


Here +q, are the momentum 4-vectors; two of them pertain to the incident 
particles and two to the scattered particles, the momenta for the latter being —q,. 
Thus for two of the q, the time component q?>0, and for two q°<0. 

The law of charge conservation must be satisfied as well as that of 4-momentum 
conservation. Here the charge may be interpreted not only as the electric charge 
but as any other conserved quantity whose sign is opposite for particles and 
antiparticles. 

For given types of particles concerned in the process, the squares of the 
4-vectors q, are the squares of the particle masses, which are fixed (q2 = m2). 
Three different reactions occur, according to the values taken by the time com- 
ponents q° and the values of the charges. These reactions may be written 


(1) 1+23>3+4, 
(III) 1+4>2+3. | 
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Here the numbers refer to the particles, and the bar over a number denotes the 
corresponding antiparticle. The change from one reaction to another, i.e. the 
transfer of a particle to the opposite side of the formula, corresponds to a change in 
sign of the corresponding time component q2 and in the sign of the charge (i.e. a 
replacement of the particle by its antiparticle). The reactions inverse to (66.2) are 
also possible, of course. 

The three processes (66.2) are referred to as three cross-channels of a single 
general reaction. | 

The following are some examples. If particles 1 and 3 are electrons, and 2 and 4 
are photons, then channel I represents the scattering of a photon by an electron; 
channel III is the same as channel I, since the photon is strictly neutral. Channel II 
is the conversion of an electron—positron pair into two photons. If all four particles 
are electrons, then channel I is the scattering of an electron by an electron, and 
channels II and III the scattering of a positron by an electron. If particles 1 and 3 
are electrons, and 2 and 4 are muons, then channel I is the scattering of e by pn, 
channel III the scattering of e by £, and channel II the conversion of a pair eé into 
a pair wp. 

In the discussion of scattering processes, the invariant quantities which can be 
constructed from the 4-momenta are particularly important. The invariant scatter- 
ing amplitudes are functions of these quantities (§70). 

Two independent invariants can be constructed from four 4-momenta, since, 
according to (66.1), only three of the 4-vectors q, are independent. Let these be q,, 
42, q3. From them, six invariants can be constructed: the three squares q?, q3, q3 and 
the three products qiq2, qiq3, q2q3. But the first three are the given squares of the 
masses, and the second three satisfy one relation which follows from the equationt 


(qrt+ qo+ qs)’ = qi= mi. 


In order to increase the symmetry it is, however, convenient to consider not 
two but three invariants, which may be taken as 


s = (qi + q2)’ = (q3+ qu)’, | 
t =(qi+ qs)’ =(q2+ qu)’, (66.3) 
u =(qit qa)’ =(qr+ 3)’. 


These are easily seen to be related by 


s+t+u=h, (66.4) 


where 


h =mi+ m+ m3+ mi. (66.5) 


+ In the general case of a reaction involving n (24) particles, the number of functionally in- 
dependent invariant quantities is 3n — 10. There are altogether 4n quantities, the components of the n 
4-momenta qu, between which there are n functional relations q3= m2 and four given by the con- 
servation law %q. = 0. Arbitrary values can be assigned to six quantities, in accordance with the number 
of parameters which define the general Lorentz transformation (a general four-dimensional rotation). 
The number of independent invariants is therefore 4n — n — 4-6 = 3n — 10. 
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In the principal channel (I), the invariant s has a simple physical significance. It 
is the square of the total energy of the colliding particles (1 and 2) in their 
centre-of-mass system (for p,+ p2 = 0, s =(e;+ €)’). In channel II, the invariant ¢ 
has a similar significance, and in channel II] the invariant u. The three channels are 
therefore often called s, t and u channels. 

It is easy to express each of the invariants s, t and u in terms of the energies 
and momenta of the colliding particles in each channel. Let us consider the s 
channel. In the centre-of-mass system of particles 1 and 2, the time and space 
components of the 4-vectors q, are 


di =Pi= (es, ps), G2 = Pr = (2, —p;), 
| (66.6) 
q3 = —P3 = (~€3, —ps), qs = —Pa= (—E€a, ps); 


the suffix s in p, and p; indicates that these momenta refer to the reaction in the s 
channel. Then 


s=e¢?, €,=e); te. = e3+ €4; (66.7) 


4sp; = [s —(m, + m2)’][s — (m,— m2’), 


4spy = [s —(m3+ m,)’][s — (m3 — m,)’); (66.8) 


2t=h-—s+4p, + pi— = (m?— m3)(m3 — mi), 
\ (66.9) 
2u=h-—s-—4p,- pi +— (mi — m3)(m3 — m3). 


For elastic scattering (m,;= m3, m,=m,), we have |p,|=|pi|, and hence €; = €3, 
£2 = &€4. Instead of (66.9), the simpler formulae 


t = —(p, — ps)’ = —2ps(1 — cos 4,), 
; (66.10) 
u = —2p;,(1+ cos 6,) + (€1 — £2) 


are then obtained, where 6, is the angle between p, and p;. The invariant —t is here 
the square of the (three-dimensional) momentum transfer in the collision. 

Similar formulae for the other channels are found by a straightforward change of 
notation. For the t channel we must interchange s and t, and 2 and 3, in 
(66.6)-(66.10); for the u channel, we interchange s and u, and 2 and 4. 


§67. Physical regions 


When considering the scattering amplitudes as functions of the independent 
variables s, t, u (which are related only by s +t +u =h), we encounter the need to 
distinguish regions in which their values are physically permissible from those in 
which they are not. Values which can correspond to a physical process of 
scattering must satisfy certain conditions which follow from the law of con- 
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servation of 4-momentum and the fact that the square of each of the 4-vectors q, 1s 
a given quantity m2. 
The product of two 4-momenta 


PaPb = MaM). (67.1) 
Hence 
(da a qv) ee (Da + Poy’ = (m, + my)’, 
If Ga = Pas Gb = Po (OF Ga = — Pas Qo = — Po); OF 
(da + Qo)’ = (Pa — Po)” <(m, — m,)’, 
if qa = Pa, Gp = —Pp- Hence, for a reaction in the s channel, 
(m,+ m2) <s =(m3+ m,)’, 
(m,—m3)=t <(m)— m4)’, (67.2) 
(m,— m4) =u <(m2— m3)’, 


and similarly in the t and u channels. 
To determine the remaining conditions, we form a 4-vector L which is dual to 
the product of any three of the 4-vectors qu, say 


L, = Crpvp qiq2q$. (67.3) 


In the rest frame of particle 1, say, we have q; = (q{, 0). Then L has only the spatial 
components Lj = ejoxnq'qsq3. Thus L is a space-like vector, and L? <0 in every frame 
of reference. Expanding L’, we obtain the condition 
qi didn 4143 
91 43 42q3| 20. (67.4) 


G34: 43q2 qh 


This can be expressed in terms of the invariants s, t, u in a form which is the same 
for all channels: 


stu=as+bt+cu, (67.5) 
where 
ah = (m{m3— m3mi)(mj + m3 ~ m3 - md), 
bh = (mim3 — m3mi)(mj + m3 — m3— md), (67.6) 
2 


ch = (mimi — m3m3)\(mi + mi — m3 — m3) 


(T. W. B. Kibble, 1960). 
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For a graphical representation of the regions of variation of s, t and uy, it is 
convenient to use triangular coordinates in a plane, called the Mandelstam plane 
(S. Mandelstam, 1958). The coordinate axes are three straight lines which intersect 
to form an equilateral triangle. The coordinates s, t, u are measured along 
directions perpendicular to these three lines; the directions towards the interior of 
the triangle are reckoned positive, as shown by the arrows in Fig. 5. Thus each 
point in the plane has corresponding values of s, t and u which are represented 
(with the appropriate signs) by the lengths of the perpendiculars to the three axes. The 
condition s+t+u=h is satisfied on account of a known theorem of geometry, h 
being equal to the altitude of the triangle.f 

Let us consider the important case where the principal channel (s) corresponds 
to elastic scattering. Then the masses of the particles are equal in pairs: 


m,=m3;=™m, M2 = mM,= y. (67.7) 
Let m > pw. The condition (67.5) has 
h=2(m?+p?), a=c=0, b=(m-p), 
so that 
sut =(m?— p’)’t. (67.8) 


The boundary of the region defined by this inequality comprises the straight line 
t = 0 and the hyperbola 


su =(m?— 2’), (67.9) 


whose two branches lie in the sectors u <0, s <0 and s >0, u >0; the axes s = 0 


FIG. 5. 


t For example, if the point P in Fig. 5 is joined to the three vertices A, B, C of the triangle, the 
latter is divided into three triangles with altitudes s, tf and u; equating the sum of their areas to that of 


ye ee ABC, we obtain the required relation. The proof is similar when P lies outside the triangle 
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and u = 0 are the asymptotes of the hyperbola. Instead of (67.8) we can write 
t>0, su>(m?-p,’)? 

or 
t<0, su<(m’-p’)’. 


Moreover, according to the conditions (67.2)-we must apply the inequality s > 
(m+) in the s channel and u>(m+wp) in the u channel; the remaining 
inequalities are then necessarily satisfied. We thus find that channels I, II, III (s, t, 
u) correspond to the shaded regions in Fig. 6, which are called physical regions. 

If » =0 (particles 2 and 4 are photons), the lower branch of the hyperbola 
touches the axis t = 0, and the physical regions are as shown in Fig. 7. 

If m = p, the boundaries of the region (67.8) degenerate to the coordinate axes, 
and the physical regions are the three sectors shown in Fig. 8. 

In the general case of four different masses, the equation 


stu=as+bt+cu (67.10) 


defines a third-order curve whose branches are the boundaries of the physical regions 


u=(mMt+yu)?  s=(m+yu)2 


s=(m—y)’ u=(m—p)? 


FIG. 6. 
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u=0O s=0 


FIG. 8. 


FIG. 9. 


of the three channels, as shown in Fig. 9. Let m; =m.2m,2m,. Then a2=b2c, 
a>0Q, b>0. The curve (67.10) meets the coordinate axes at points on the line 
as + bt + cu = 0(see the broken lines in Fig. 9). This line is as shown in Fig. 9a and 9b, 
depending on the sign of c. If c <0, the physical region of the u channel includes part 
of the area of the coordinate triangle. In this case, therefore, the quantities s, t and u 
may all be positive at the same time. All three branches of the boundary curve have the 
appropriate coordinate axes as asymptotes; this may be seen by eliminating one of the 
variables from (67.10) by means of the relation s + t + u = h, and then making one of 
the other variables tend to infinity. In general, the conditions (67.2) yield nothing in 
addition to the limits defined by equation (67.10). The straight lines which correspond 
to the equality signs in (67.2) do not intersect the physical regions shown by the shaded 
areas in Fig. 9; some of them touch the boundaries of these regions, corresponding to 
extreme values of the variable s, t or u in the corresponding channel. 

When the mass of one of the particles exceeds the sum of the masses of the other 
three (m, > m, + m;+ m,), a fourth reaction channel is possible, corresponding to the 
disintegration 


(IV) 1>2+3+4. (67.11) 
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For this channel, in the rest frame of the disintegrating particle, 


q; = (m,, 9), Qo = (-€2, —p>), q3 >= (—€3, —ps), 


Ga = (—€4, —Pa), E,+ €; + &= mM, p2 + p3+ pa = 0. 


The invariants are 


wn 
II 


m?+m3—2me>, 


t= m*+mi-—2me3, (67.12) 


= 
I 


mi + mi-—2mies. 
We then have from (67.1) 


(m;+ m4) < 5s <(m,— m2)’, 
(m, +m)’ <t <(m,—m,)’, (67.13) 
(m2. + m3 <u <(m,— m,)’. 


Thus all three invariants are positive, and the physical region of the disintegration 
channel is within the coordinate triangle. 


PROBLEMS 


PROBLEM |. Find the physical regions for the case of three equal masses: m; =m, m2 = m3 = m4=p 
(for example, the reaction K + 17 > 1+ 7). 


SOLUTION. Equation (67.10) becomes 
stu = p'(m?>— py’, (1) 
with 
stt+u=3p?+m’. 


Regions I, Il and III are bounded by curves of the same shape, with s > 0,t <0, u <0 for region I, and so on. 
If m > 3, equation (1) also has a branch in the form of aclosed curve with s > 0, ft >0, u >0, which bounds 
the region of channel IV (Fig. 10). 
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PROBLEM 2. The same as Problem |, but for the case m; = m, m2 = p,m; = m,=0,m > p (forexample, 
the reaction w+v7>e+ v). 


SOLUTION. The condition (67.5) becomes 
Stu 2 m'p’s, 


with s +t+u=m’+ 4°. The physical regions are bounded by the axis s = 0 end the two branches of the 
hyperbola tu = m’p’ (Fig. 11). 


PROBLEM 3. The same as Problem 1, but for the case m; = m; =m, m2 = 0, m= p, with m > 2p (for 
example, the reaction p + y>p + 7°). 


SOLUTION. The boundary equation (67.10) becomes 


stu=a(s+u)+ bt, 


ah=m'p*, bh=m‘(2m’>-p’), h=2m?4+ yp’. 


Elimination of u gives 
t+ (7—#+5-h)r+S=0 
S s 


For a given value of s, this is a quadratic in t. If s >(m +)’ (the region of the s channel), there are two 
negative values of t for each value of s. If s =(m +)’, these two roots of the quadratic coincide at 
t =—my’/(m + p). The boundary of the s channel region is then as shown in Fig. 12. The lower branch of the 
boundary, tends asymptotically to the axis u =0, and the upper branch crosses this axis at the point 
t=pl(y°-m’). 

The u channel region is symmetrical with the s channel region; the t channel region is situated as shown 
in Fig. 12. 


§68. Expansion in partial amplitudes 
An important step in the analysis of a reaction of the form 
a+b-c+d (68.1) 


is the expansion of the scattering amplitude in partial amplitudes, each of which 
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corresponds (for a given total energy ec) to a definite value of the total angular 
momentum of the particles J in their centre-of-mass system.t 

These partial amplitudes are, therefore, elements of the S-matrix in the angular 
momentum representation: 


(eJ'M'|S|eJM). 


Since the angular momentum J and its component M along a specified z-axis are 
conserved, the S-matrix is diagonal with respect to these numbers (and also with 
respect to the energy e). Because of the isotropy of space, the diagonal elements are 
independent of the value of M. For given J, M and e, the scattering matrix is still a 
matrix with respect to the spin quantum numbers; the elements of this matrix will be 
written in a more concise form: 


(eJMX'|SleJMA) = (AIS! (e)IA), (68.2) 


where X and X’ are the sets of spin quantum numbers. These can most naturally be 
taken to be the helicities of the particles. The helicity, unlike the spin component along 
an arbitrary axis in space, is conserved for a free particle, and it commutes with both 
the momentum and the angular momentum of the particle (§16). The helicities may 
therefore be used in both the momentum and the angular momentum representation of 
the scattering matrix. 

The elements of the S-matrix with respect to the helicity indices will be called the 
helicity scattering amplitudes, and i, A’ will be taken to include the helicities of the 
initial and final particles respectively: 


A = (Aa, Ap), A= (Ac, Aa). 
In the momentum representation, the scattering matrix elements are defined with 
respect to the states |enA) (where n = p/|p| is the direction of the momentum of relative 


motion in the centre-of-mass system); in the angular momentum representation, they 


+ Most of the results in §§68 and 69 are due to M. Jacob and G. C. Wick (1959). 
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are defined with respect to the states |eJMA). They can be related by means of the 
eXpansions 


\JMA) = | InA)(MA|JMA) dog, (68.3) 


where the integration is over the directions n; the energy « is, for brevity, omitted from 
the state symbols. Since this transformation is unitary (see QM, § 12), the coefficients 
of the inverse transformation are 


(JMA\na) = (nA|JMA)*. (68.4) 


By the general rule of matrix transformation, the same coefficients give the relation 
between the S-matrix elements in the two representations: 


(n’A'|SIma) =) (n'a'|JMA'X IMA '|S|JMAXJMA|na). (68.5) 


The coefficients in the expansion (68.3) are easily found by means of the results of 
§16. Let the wave functions of all states be expressed in the momentum represen- 
tation, i.e. as functions of the direction of the momentum (for a given energy); this 
direction, as an independent variable, will be denoted by v to distinguish it from the 
direction n as a quantum number of the state. In this representation, the wave function 
has the form (16.2): 


Wary) = uw — n). (68.6) 


When (68.6) is substituted in the expansion (68.3), the latter reduces to a single term: 
Wim, = (vA|JMA)u. (68.7) 


The helicities A, and A, of the two particles are defined as the components of their 
spins in the directions of their respective momenta. If the momenta are p, =p, 
Pp» = —p, then these directions are n for the first particle and —n for the second particle. 
If now the system is regarded as a single particle with helicity A in the direction n, then 
A =dX,-— Ap». Its wave function (in the momentum representation) can be written, 
according to (16.4), in the form 


Waa (v) = u DY (v) V = . (68.8) 


Comparison of (68.7) and (68.8), with the variable v replaced by n, gives the required 
coefficients: 


(nd|JMA) = yp me DYk(n). (68.9) 
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Substituting these coefficients in (68.5), we have 
25 +1 2 ' 
'A'|S|nrA) = > S=— DVM’) DX A'|S?|A), 
(n | ln ) >» ee A’M (IY) ae (n) | | ) (68.10) 
A =Aq—Ab, A’=h.-Ag 


with the abbreviated notation (68.2). If the direction n is taken as that of the z-axis, 
then 


DYk(n) = Sams 
and (68.10) becomes 


2J +1 
4a 


(n'd'|S|md) = > D&(n’A‘|S?|A). (68.11) 


We see that the expansion in partial amplitudes has the functions DY as 
coefficients. For a reaction of the form (68.1), it is convenient to define the scattering 
amplitude f in such a way that the cross-section (in the centre-of-mass system) is 

do = |(n’d'|f|ma)P do’; (68.12) 


by comparison with (64.19), we can relate this amplitude to the matrix element Mj. The 
expansion of the amplitude in partial amplitudes may be written 


(n’d'[f|mA) = > (2J + 1)DXM(n')DKU* (na If? |A), (68.13) 


or, taking the z-axis in the direction n, 
(n’A'|f|nd) = 2 (23 + DDYAM'\A TFA). (68.14) 


This is a generalization of the usual expansion in partial amplitudes for the scattering 
of spiniess particles; see QM, (123.14). Since D§’ = P.(cos 6), (68.14) reduces in the 
case of zero spins to an expansion in Legendre polynomials 


f(@)= » (2L + 1)f.Pi(cos @). 


The cross-section (68.12) is valid when all the particles have definite helicities. If 
they are in mixed polarization states, the cross-section is found by averaging the 
product 


(AcAalflAadn ACA alf lA aA b)* 
over the polarization density matrices of the particles, 


(Aalo Aa Avo Ab KAP Ac MA dlp Aa): 
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see the first footnote to §48. For example, in a reaction between unpolarized particles 
a, b to form unpolarized particles c, d, we have 


do ’ 
do = Fay ase ey & Py. 2) * VAS +1)x 


O TT 
x (AcAalf? |Aadb MAcAalf? [Aade)*DKA(in’)D4A*(n’); (68.15) 


the z-axis is along n, and the first summation Is Over Ag, Ap, Ac, Ag. Using QM, (58.19) for 
the function DY.{* and then the expansion QM, (110.2), we have finally 


= OTe eT bp Os + DOT + Dx 


x (AcAalf"|Aade) (AcAalf? |Aadn)* X 


J os LYS SOL 
- 2L +1)( ie | 
> ( Nn a o)la’ -a' 0 


da 


P.(cos 6), (68.16) 


where 6 is the angle between n’ and the z-axis; the summation with respect to L is over 
all integers which can occur when J and J’ are added vectorially. The expansion of the 
scattering amplitude in partial amplitudes gives a full expression of all properties of 
the angular distribution of scattering that are due to the symmetry with respect to 
spatial rotations. But it does not explicitly reveal the properties that are due to the 
symmetry with respect to spatial inversion. The P invariance (if possessed by the 
interaction) leads to certain relations between the various helicity amplitudes (see 
$69). 


§69. Symmetry of helicity scattering amplitudes 


The conditions imposed by the symmetry with respect to the transformations P, T, 
C (if, of course, the particle interaction process in question in fact possesses such 
symmetry) lead to certain relations between the helicity scattering amplitudes, and 
therefore reduce the number of independent amplitudes.f 

To establish these relations, we shall first determine the symmetry properties of 
the helicity states of a system of two particles. 

Let us consider the particles in their centre-of-mass system. One particle has 
momentum p,=p and helicity A, with respect to the direction of p; the other has 
momentum p, = —pand helicity A, with respect to the direction of —p. If the helicity is 
defined with respect to the same direction, that of p, its values are A, and —A2, and the 
particles will thus be described by plane waves with amplitudes u?” and ut”. The 
two-particle system is described by a (multi-component) function u?”” formed from 
the products of the amplitudes u?” and ut. 

Let us next regard the system as a single particle with helicity A = A, — A2 in the 
direction n=p/|p|; we can then write the wave function (in the momentum 


+ This number does not, of course, depend on the specific representation of the matrix S’ and is the same 
for any choice of the spin variables. 
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representation, i.e. as a function of n) for a state with definite values of J, M, A1, A2 (and 
of the total energy «): 


25 +1 
WiMa,a, = up? DEk(n) V 4g” A =hi— da; (69.1) 


cf. (68.8). Since A is the component of the total angular momentum in the direction of 
p, we must have 


[Al < J. (69.2) 
According to (16.14), under inversion 


Pu®'(n) = nyq2u??(-n) 


= mine(— 1) y(n), (69.3) 


where 7; and 72 are the internal parities of the particles. Using also (16.10), we find the 
transformation law for the functions (69.1): 


Pulm, = mind) 87 WIM,-Ay,-A" (69.4) 


If the two particles are identical, the question arises of the symmetry with respect 
to their interchange. This interchange implies interchanging their momenta and their 
spins. To show the significance of this operation as applied to the function (69.1), we 
note that its definition contains an asymmetry, in that the angular momenta of the two 
particles are projected on the direction of the same vector p, = p, the momentum of the 
first particle. After the interchange, this vector is replaced by p.=~—p, and the 
components of the angular momenta j, and j, along this vector are —A, and A2 (instead 
of A, and —A, alorig p). The result of applying the particle interchange operator P,, to 
the function (69.1) may therefore be written 


23 +1 
An’ 


p 12Y maa, = uO2Y(—n) DS (-n) V 
where again A = A; — A2. Then, using (69.3) and (16.10), we find that 


Pirtima,, a (—1)5"Wamarays (69.5) 


where s; = s2=5S. 

For identical particles, the permissible states must be either symmetric’ (for 
bosons) or antisymmetric (for fermions) with respect to interchange. Since the former 
case occurs when the particle spin s is integral and the latter case when it is 
half-integral, in either case the permissible helicity states of the two-particle system 
can be written as linear combinations | 


(1 + (- 1)*P 2] Wsmta,ay» 
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or, according to (69.5), 
Wymayr, as (= 1) Wamasa,- (69.6) 


It is noteworthy that this combination is the same for both bosons and fermions. 
For a particle—antiparticle system, the result of the interchange is expressed by the 

same formula (69.5), but, unlike the case of identical particles, states of either 

symmetry under interchange are here permissible, i.e. both combinations 


W* = Win a, + (— 1) Wma, (69.7) 


can occur. These states have certain charge parities C. The operation of charge 
conjugation may be regarded as the result of a total interchange of all variables (spin 
and charge) of the two particles, followed by reverse interchange of the spin variables 
(helicities). The result of the first operation must be the same as that of interchange ina 
system of two identical particles. Hence it is clear that, with the upper sign in (69.7) 
(which 1s the same as the sign in the state (69.6) permissible for identical particles), the 
system will be charge-even, and with the lower sign charge-odd: 


Cy* = + y". 


Finally, let us consider the operation of time reversal. The wave function of a 
particle at rest with spin s and component thereof o is transformed according to 


Teo = (-1)Ys-03 
see QM, (60.2). The wave function of two particles in their centre-of-mass system may 
also be regarded (in respect ot its transformation properties) as that of a ‘“‘particle”’ at 
rest, with angular momentum J and component thereof M. The helicities A;, Az are 


unchanged: time reversal changes the sign of the momentum and angular momentum 
vectors, and the products j- p are therefore unaffected. Hence 


TWima,r, Pe (= 1) Waar: (69.8) 
We can now write down immediately the symmetry relations for the helicity 
amplitudes. 
If the interaction is P-invariant, then for the reaction a + b >c + d the amplitudes 
of the transitions 


|AcAb) > [AcAg) and P|AgAy)—> P|A-Ag) 


must be the same (for given J and ce). Hence, using (69.4), we find 


(A-Ag|S?|AgAp) = aa (—1)*«*847 675 — X., ~ Ag|S?|— Aas — Ap). (69.9) 
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If states with definite parities, 1.e. the combinations 


l A 
V2 (Wma,r = Pliyma,a,)s 


where A, A> = AgsAp OF A;, Ag, are chosen instead of those with definite helicities, then 
the amplitudes of transitions in which parity is not conserved are zero. 

Time reversal transforms each state in accordance with (69.8), and also inter- 
changes initial and final states. Thus T invariance leads to the relations 


(AcAg|S?(E)|AgAv) = (AaAb|S7 (E)|AcAa). (69.10) 


These two amplitudes, however, pertain to different processes, the direct and 
reverse reactions. These two processes are essentially equivalent only in the case of 
elastic scattering, and (69.10) is then a relation between helicity amplitudes for the 
same reaction. 

In elastic scattering of two identical particles, the number of different amplitudes is 
further reduced because of the symmetry with respect to interchange. We have seen 
that, for a given J, the states which occur are either all symmetric or all antisymmetric 
in Aj, Ax The conservation of angular momentum therefore implies that of the 
symmetry with respect to interchange of helicities. 

A similar situation occurs in the elastic scattering of a particle by its antiparticle, or 
the conversion of one particle—antiparticle pair into another, i.e. a reaction 
a+dad-—>b+b. For given J, there are both symmetric and antisymmetric states with 
regard to A;, A2, but they correspond to different values of the charge parity of the 
system. Hence it follows that, if the interaction of the particles is C-invariant, so that 
the charge parity is conserved, transitions between states of different symmetry with 
regard to A;, Az are forbidden.t It must be emphasized, however, that there is a 
difference from the case of identical particles, in which states of one symmetry are 
entirely absent for any given J. In the “particle—-antiparticle”’ case, only transitions 
between states of different symmetry are forbidden; the states themselves exist for 
every J. 

Because of the universal CPT invariance, the existence of T invariance implies 
that of CP invariance. The latter brings about the equality of amplitudes for two 
reactions, one obtained from the other by replacing all particles by antiparticles (and 
changing the sign of the helicities): 


(AcAa|S7 [AaAb) = (AcAa|S7|AaA5), (69.11) 


where Ag = — A, and so on.t 
The number of independent amplitudes is the same for all the cross-channels of 


+ A similar prohibition can also arise from isotopic invariance of the interaction of non-identical 
particles. For instance, transitions between states of different symmetry with regard to Ai, A2 are forbidden, 
to the extent that this invariance holds, in the scattering of a neutron by a proton. 

¢ Since these two amplitudes relate to different reactions, interference between which is not possible, 
the phase factor in (69.11) would have no significance, and can be taken as unity. Only the equality of 
cross-sections which follows from (69.11) is actually meaningful. 
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one generalized reaction, and therefore this number can be determined from any 
channel. For example, the elastic scattering a+b—-a+b and the annihilation 
a+daG—-b+b are described by the same number of independent amplitudes. The 
restrictions imposed by T invariance in the first case are equivalent to those imposed 
by C invariance in the second case. 

Let us also consider a reaction in which one particle disintegrates into two: 
a—b-+c. In the centre-of-mass system (the rest frame for particle a), we have 
Pp = —p-.. Scalar multiplication of the equation j, = j, + j- by p» gives 


Na = Ap — Ac (69.12) 


(the helicity A, of particle a is defined as the component of its spin in the direction of 
the momentum of one of the secondary particles). This relation can be regarded as a 
consequence of the additional symmetry present in the process considered, namely 
the axial symmetry about the directions of p, and p.. If the spin s, of particle a is less 
than s, + s,, the relation (69.12) reduces the number of possible sets of values of Aq, Ap, 
A, and therefore the number of independent helicity amplitudes of the disintegration. 
The total angular momentum J 1s then equal to the spin s, of the primary particle, and 
is consequently fixed. 
The P invariance in the disintegration is expressed by the relation 


(ApA-|S”[Aa) = mae (—1)%2~%¥( — Ay, — Ac|S"| — Aa), (69.13) 


where we have used (69.4) and also the transformation (16.16) for the wave function of 
a single particle. 

If the primary particle is strictly neutral, further limitations arise if C parity is 
conserved. Three cases are to be distinguished here. If the disintegration products are 
also strictly neutral, we must have C, = C,C,; this condition either prohibits the 
disintegration altogether, or is satisfied and causes no further restriction. If the 
particles b and c are different, then C invariance implies a relation between the 
amplitudes of the different processes a>b+¢ and a>b+c. Finally, for the 
disintegration a > b + b, there is a restriction because, for a given charge parity C and 
a given total angular momentum J = s,, the system may be in states either symmetric 
or antisymmetric with respect to the helicities, depending on the parity of the number J 
and on the sign of C. 

CP invariance implies the equality of amplitudes for the disintegrations a > b + c 
and d>b+2é: 


(ApAc|S”|Aa) = (AbAe|S" Aa), (69.14) 


where A, = —A, and so on; i.e. it implies equal probabilities of disintegration for the 
particle and the antiparticle. If the particle can disintegrate in more than one way 
(through various channels), this equality applies to each channel. This conclusion, it. 
must be emphasized, is based on the existence of CP invariance, which is not a 
universal property of Nature. Only CPT invariance is universal, and this by itself 
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would lead only to the equation 
(ApAc|S? | Aa) = (Aa|S7|AsAz), 


in which the right-hand side refers to the process inverse to disintegration. We shall 
see later (§71) that the condition of CPT- invariance, together with unitarity 
requirements, does lead to a relation, although a more restricted one, between the 
disintegration probabilities for the particle and the antiparticle. 


PROBLEMS 


PROBLEM 1. Using (69.6), obtain a classification of the possible states of a two-photon system. 


SOLUTION. In this case Ai, A2 = +1. For even J (>0), according to (69.6), three states symmetric in Aj, 
A2 are allowed: 


(a) dumit, (b) Wym.-1.-1, (Cc) Wymi-1 + Wom.-1,1- 


For odd J (>1), one antisymmetric state is allowed: 
(d) dami-1— Qim,-1.1- 
States (c) and (d) also have a definite parity (+1): according to (69.4), 
P (hynen.-1 = Wm.) = = (-1) (damit Wom.) 


the factor + (—1)’ = 1, since the upper sign refers to even values of J and the lower sign to odd values. States 
(a) and (b) themselves have no definite parity, but even and odd states are obtained by taking the 
‘combinations 


(a') dams + Wam-1-1, (b’) Wamit — Wam.-1,-1. 


When J = 0, only Ai = Azis allowed by the condition |A; — A2| < J, so that state (c) does not occur, leaving one 
even and one odd state, (a’) and (b’). Finally, if J = 1, state (d), which is the only possible state for odd J, is 
forbidden because it has A = 2> J. Thus we arrive at the table (9.5) for the permissible states. 


PROBLEM 2. In the non-relativistic approximation, the total angular momentum J of the system is. 
found by adding the spin S and the orbital angular momentum L. For a system of two particles, find the 
relation between the states |JLSM) and |JMA,A2). 


SOLUTION. According to the rule for constructing wave functions when adding angular momenta, 
we have 


WitsM = {Ws,0,Ws0(0102|SMs)}brm,(MLMs|JM), (1) 


where to are the eigenfunctions of the spin s with component a along a fixed z-axis, wim, those of the 
orbital angular momentum L with component M_; the expression in the braces corresponds to the 
addition of s; and s2 to give S, after which S is added to L to give J; the summation is over all m-type 
indices. Let all functions be expressed in the momentum representation, as functions of the direction n 
of the momentum p= pj, and let the functions ~~ be expressed in terms of the functions #., of the 
helicity states by means of QM, (58.7): 


Ws,0, = > DY? (m) Yar, 


(32) 
Ws.0. = 2 D-1,0,(1) Wa,-a}- 
For the function Wim,, we have 
wim, = Yim, (n) 


ww /2L+t 
= it Jit! p ir (i), 
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using QM (58.25) and the definition (16.5). Substituting these functions in equation (1), and twice using the 
expansion QM, (110.1), together with the orthogonality of the Clebsch-Gordan coefficients (QM, (106. 13)), 
we obtain the expansion 


Witsm = y Wma a\JMAiA2)JLSM), (2) 
where 
Wamajas = Waa, Wn, 4D Vh(n) (cas A=Ai— A), 
TT 

and the coefficients are 

IMX.A JLSM — (pyle _yyss 5830S (* $? iG S ‘) 

(JMA\A2| )=(-i)"(-1) V((2L + 12S + 1] i. A Oo ak: ee (3) 
Since the transformation (2) is unitary, we have 

(JLSM|JMA\A2) = (JMA\A2|JLSM)*. 


§70. Invariant amplitudes 


In the helicity amplitudes, a particular frame of reference is used, namely the 
centre-of-mass system. But, in order to calculate the scattering amplitudes by means 
of invariant perturbation theory (and also to examine their general analytical 
properties), it is convenient to write them in an explicitly invariant form. 

If the particles concerned in the reaction have no spin, the scattering amplitude 
depends only on the invariant products of the 4-momenta of the particles. For a 
reaction of the form 


a+b->c+d, (70.1) 


these invariants may be taken as any two of the quantities s, t, u defined in §66. Then 
the scattering amplitude reduces to a single function M;; = f(s, t). 

If the particles have spins, then, besides the kinematic invariants s, t, u, there are 
also invariants which can be constructed from the wave amplitudes of the particles 
(bispinors, 4-tensors, etc.). The scattering amplitudes must then have the form 


My = >; f(s, t) Fa, (70.2) 


where the F, are invariants which depend linearly on the wave amplitudes of all the 
particles concerned (and also on their 4-momenta). The coefficients f,,(s, t) are called 
invariant amplitudes. 

By choosing the wave amplitudes in such a way as to correspond to particles with 
definite helicities, we obtain definite values of the invariants F, = F,()i, Ay). Then the 
helicity scattering amplitudes are linear homogeneous combinations of the invariant 
amplitudes f,. Hence we see that the number of independent functions f,(s, t) is equal 
to the number of independent helicity amplitudes. Since the latter number is easily 
determined, as shown in §69, this makes easier the construction of the invariants F,, 
their number being known in advance. 

Let us consider some examples, assuming in every case that the interaction is 
T-invariant and P -invariant. The latter property implies that the invariants F,, must be 
true scalars, not pseudoscalars. 
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SCATTERING OF A PARTICLE WITH SPIN 0 BY ONE WITH SPIN } 


To find the number of invariants (that is, the number of independent helicity 
amplitudes), we note that the total number of elements of the matrix S’ (i.e. of 
different sets A,, A>, Aj, AS) is in this case four: A; = A; = 0, Az, AS = +4. When the P 
invariance is taken into account, the number of independent elements is reduced to 
two, and this is unchanged by the inclusion of T invariance. 

The two independent invariants may be taken as 


Fi = u'u, F, = u'(yK)u, (70.3) 


where u = u(p), u' = u(p')are the bispinor amplitudes of the initial and final fermions; 
K =k +k’, where k and k’ are the 4-momenta of the initial and final bosons.t 

The T invariance of the quantities (70.3) is evident if we note that under time 
reversal the products @’u and u'y“u are transformed according to the same rule (28.6) 
as the operators yw and wy“, whose matrix elements they are: i’u is invariant, and 
the 4-vector a'yu is transformed according to 


i'y°u>i'y’u, = a’yu> — &#'yu. 


The 4-momenta are transformed similarly: (K°,K)—(K°,—-K), and the scalar 
product F,= K,(a’y*u) is therefore invariant. | 


ELASTIC SCATTERING OF TWO IDENTICAL PARTICLES WITH SPIN ; 


To find the number of independent helicity amplitudes, it is convenient to start 
from linear combinations of the helicity states: 


Wie = s+ ag W__, We is Ws + ace Ww. 
Woe = Wi- + W-s, dy = Wi — Wes, 


where the suffixes + denote the values +) of the helicities of the two particles. The 
states 1g, 2g, 3g are even, and u is odd, with respect to interchange of the particles. 
The transitions g<>u are forbidden, so that there remain 16—6= 10 matrix ele- 
ments, when the interchange symmetry is taken into account. The functions yy, 
and q3,, and yo, have opposite parities with respect to the inversion P; the 
prohibition of transitions between them reduces the number of independent am- 
plitudes to six. Lastly, the T invariance equalizes the amplitudes of the transitions 
lg-—3g and 3g—1g, leaving only five independent amplitudes. The five in- 
dependent invariants may be taken as 


F, = (Hju,)(@4u), F, = (Hy? uy)(d3y°ud), 
F;= (diy"u,)(ary,U2), F,= (ijy*yudiy,y" U2), (70.4) 
Fs = (ajo*"Uu,)(420,,U2), 
+ Atfirst sight, there might appear to be another invariant of the form it'c,,.k"k'’u (with the matrices o,, 


defined by (28.2)), but this is easily seen to reduce to the invariants (70.3) by means of the conservation law 
k'=p+k-—p’' and the equations (yp)u = mu, ii'(yp') = mii’ satisfied by the bispinor amplitudes. 
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where u,, uz are the bispinor amplitudes of the initial particles and u;, u> those of 
the final particles. Interchange of the initial (or of the final) particles gives no new 
invariants: the invariants obtained can be expressed in terms of the previous ones 
(§28, Problem). But the expression (70.2), with the F, given by (70.4), does not 
explicitly take account of the requirement that interchange of two identical fer- 
mions must change the sign of the scattering amplitude. An expression which 
satisfies this condition may be written | 


Mg = (Ci u))(d4u.) f(t, wu) — (Hu, )(H ud) f (Cu, t))+ ++. (70.5) 


When p; and p> (or p,; and p2) are interchanged, the kinematic invariants s > s, t > u, 
u—>t, so that the condition is necessarily satisfied. 


ELASTIC SCATTERING OF A PHOTON BY PARTICLES 
WITH SPIN 0 OR } 


The amplitude of this process 1s conveniently expressed by means of the 
space-like unit 4-vectors e‘”, e® which satisfy the conditions 


(1)2 


e = e (22 anes 1, ee a 0, 


(70.6) 
e"k=S=e°k=0, ek = ek'=0; 
for each of the two photons, these 4-vectors can be the unit 4-vectors by means of 
which an invariant description of their polarization properties is obtained (§8). 
Let k and k’ be the initial and final 4-momenta of the photon; p and p’ those of 
the scattering particle. The 4-vectors 


P* =p*+p”*—K°? pa pR 


ee (70.7) 


where 
K=k+k', q=p-—p' =k'-Kk, 


are evidently orthogonal to one another and also to the 4-vectors K and q, and 
therefore to k and k’. Being orthogonal to the time-like 4-vector K (K? = 2kk' > 0), 
they must themselves be space-like: in a frame of reference for which K =0, it 
follows from KP =0 that Pp=0 and hence P’<0. Normalizing P and N by 
putting 


»___N? ne as 
ea NF gD = PF (70.8) 


we obtain a pair of 4-vectors which have all the required properties. It may be 
noted that e® is a true vector and e‘” a pseudovector. 


$70 Invariant Amplitudes 277 


The photon scattering amplitude may be written 
My = F*“e;*e,, (70.9) 


in terms of the polarization 4-vectors e and e’ of the initial and final photons. 

The photon helicity has only two values, +1. Hence, for the scattering of a 
photon by a particle with spin zero, the number of independent helicity amplitudes 
is the same as for the mutual scattering of particles with spin 0 and }, namely two. 
The tensor F™ in (70.9) has to be constructed from the particle 4-momenta only. It 
can be written 


FM = free + fre Men, (70.10) 


where f, and f, are invariant amplitudes. It should be noted that no term containing 
a product ee?" can appear in F*“, since this product is a pseudotensor and 
would give a pseudoscalar on substitution in (70.9). 

Lastly, let us consider the scattering of a photon by a particle with spin 4. To 
find the number of independent helicity amplitudes, we note that the total number 
of elements of the matrix S’ in this case is sixteen; the helicity of each of two 
initial and two final particles has two values. The condition of P invariance reduces 
this number to eight, and that of T invariance brings it down to six. 

Here, we write the tensor F,, in the form 


Fy, = Golere? + eel”) + G(esrel? + eel?) + 
x | 2 Zz ! 1 ] 2 2 
+ G(e,Pes? — esPel?) + Gi(esret?— eel”), = (70.11) 


Where Gop and G; are true scalars, G, and G, are pseudoscalars, and all four are 
bilinear in the bispinor fermion amplitudes “(p’) and u(p), being of the form 


G, = u(p')Q,u(p). (70.12) 
The general form of the matrices (with respect to the bispinor indices) Q, is 


Qo = fit fxlyK), Q:= y'(f3+ fa yK)), 
Q=y(fstfelyK)), Q:=f7+ felyK), 


where K =k +k’. The coefficients f;,...,f3 are invariant amplitudes, in this case 
eight in number (instead of the correct value of six), because the condition of T 
invariance has not yet been imposed. 

Time reversal interchanges the initial and final 4-momenta of the particles, and 
also changes the sign of their space components: 


(70.13) 


(ko, k)<>(ko,—k’), (Do, p)<>(Po, — p’). (70.14) 
The photon polarization 4-vectors are transformed according to 


(€o, e)<>(e5*, — e'*) (70.15) 


278 The Scattering Matrix §71 
(cf. (8.11a)); hence 


(€o*eo, €;* eo, €;* ex) > (€g* eo, — €0*e;, €;*e;). 


By virtue of the last transformation, the condition of invariance of the scattering 
amplitude (70.9) is equivalent to 


(Foo, Fio, Fix) > (Foo, — Foi, Fi). 
On the other hand, the changes (70.14) imply 


(Ko, K) rae (Ko, ~~ K), (qo, q) - (—qo, q), 
(Po, P)>(Po,-P), (No, N)>(No,—N), 


so that 

(e§"”, ef?) > (ef? — ea). (70.16) 
Hence, from (70.11), we must have 

Go.1,3 > Go, 1,3, G2> — G2. 
Under time reversal, 

i'yu>-i'yu, — d'y(yK)u>ia'y(yK)u, 

as is evident from the transformation laws for pseudoscalar and pseudovector 
bilinear forms (28.6). From (70.12), (70.13) it is now evident that, because of the T 


invariance of the scattering amplitude, 


fs=fo=0. (70.17) 


§71. The unitarity condition 


The scattering matrix must be unitary: $S* = 1, or in terms of matrix elements, 
(SS*)ji = >> SinS¥n = dyi, (71.1) 


where the suffix n labels the possible intermediate states.t This is the most general 
property of the S-matrix, which ensures that the orthonormality of the states is 
preserved in the reaction; cf. QM, §§125 and 144. In particular, the diagonal 
elements of equation (71.1) simply express the fact that the sum of the transition 


+t The actual meaning of 6) in (71.1) depends, of course, on the specific choice of quantum numbers 
and on the normalization of the wave functions of the system. It must be defined so that 2, 5 = 1. 
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probabilities from a given initial state to all final states is unity: 
ey |Snil? = 1. 
Substituting in (71.1) the matrix elements in the form (64.2), we obtain 


Ty — TS; = i(27)* DS 8(P; — Pr) Tin ip 


= i(2a)* >) 6 (P; — Pa) T* Tri. (71.2) 


The two equivalent forms on the right are obtained by writing the unitarity 
condition respectively as SS* = 1 and S*S = 1, with opposite orders of the factors $ 
and S*. 

It should be noticed that the left-hand side of the equation is linear in the matrix 
elements of T, but the right-hand side is quadratic. If the interaction contains a 
small parameter (e.g. the electromagnetic interaction), the left-hand side is there- 
fore of the first order of smallness and the right-hand side is of the second order. 
The latter may consequently be neglected in a first approximation; then 


Thi = T*;, (71.3) 


i.e. the matrix T is Hermitian. 

In order to make the unitary condition (71.2) more specific, we must understand 
precisely what is meant by the summation over n. Let us do this for a two-particle 
collision, assuming that the conservation laws allow only elastic scattering. Then all 
the intermediate states in (71.2) are likewise ‘‘two-particle” states. Summation over 
these signifies integration over the intermediate momenta p/, p3, and summation 
over the spin quantum numbers (for example, the helicities) of the two particles, 
which we denote by A”: 


> = [Teele pid’p3 iy 
(ny. 


Eliminating the delta functions in the same way as in §64, we obtain the “‘two- 
_ particle’ unitarity condition in the form 


Age ant « elf 7.7 FiE1ED » do", 


where pis the momentum and « the total energy in the centre-of-mass system. The 
normalization volume does not appear after changing from the amplitudes T;, to My 
in accordance with (64.10): 


l : 
My: — M*; = Gp DB MaMa do (71.4) 
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Let the elastic scattering amplitude be defined so that 
do = |(n'd'lf|maA)|? do’, (71.5) 


where n and n’ are the directions of the initial and final momenta, A and A’ the 
initial and final spin quantum numbers. Comparison with (64.19) shows that 


(n’d'If|nv) = om Mj (71.6) 


TTE 


and the unitarity condition (72.4) becomes 
(n’d'|f|nA) — (nf |n'A')* = “Pl 2 | (n’d'[f|n"A")(nd |f|n"A")* do”, (71.7) 


which generalizes the familiar formula of the non-relativistic theory, QM (125.8). 

The ‘‘amplitude of zero-angle elastic scattering” is the diagonal matrix element 
Ti, in which the final states of the particles are the same as their initial states.t For 
this amplitude the unitarity condition (71.2) becomes 


2im Ty = (27)* > |Tin|?5 CP; — Pa). (71.8) 


The right-hand side of this equation differs only by a factor from the total 
cross-section for all possible processes of scattering from the given initial state i. 
For let this cross-section be denoted by o,; then summation of the probability (64.5) 
over states f and division by the flux density j gives 


4 
a en) S |Tl?8(P; — Pa), 
whence 


(2V/j)im Ti = o. 


The normalization volume is eliminated by putting T;, = Mi/(2e, V -2€2V) (where e, 
and e, are the energies of the particles in the centre-of-mass system) and substitut- 
ing j from (64.17): 


im Mii = 2|plea:. (71.9) 


This formula expresses the optical theorem. If the elastic scattering amplitude 
(71.6) 1s used, the theorem takes the customary form 


im(nA |f|nA) = |plo./47; (71.10) 
cf. QM, (142.10). 


t It must be stressed that the matrix elements of T are concerned, not those of S; that is, the 
diagonal element is taken after subtracting the unit matrix from S. 
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If the S-matrix is given in the angular-momentum representation (partial am- 
plitudes), it is diagonal with respect to J, and the unitarity condition can therefore 
be written separately for each value of J. 

For example, if only elastic scattering is possible, the unitarity condition is 


D (A'S?|A"AIS7IA* = Bax (71.11) 


Because of the T invariance, the elastic scattering matrix is symmetric (cf. (69.10)), 
and hence can be reduced to diagonal form. The unitarity condition then requires 
that the diagonal elements should be of unit modulus, and they are customarily 
written in the form 


S! = exp(2i8),), (71.12) 


where the 56,, are real constants, depending on the energy (the suffix n labelling the 
diagonal elements for a given J). In the general case, when the number N of 
independent amplitudes exceeds the order of the (square) matrix S’, the coefficients 
of the transformation which diagonalizes S’ depend on J and E (these coefficients 
then comprise not only the principal values of the matrix but also independent 
quantities equivalent to the original N quantities). If, however, the number N its 
equal to the order of the matrix S’ (and therefore to the number of its principal 
values), the diagonalization coefficients are universal constants, and the diagonaliz- 
ing states have definite parities (but not, of course, definite helicities). | 
The condition (71.11), expressed in terms of the partial amplitudes (A'|f’|A), is 


(ALATA) — CALfP[A)* = 2ilp| » ALATA ALFA), (71.13) 


as is easily seen by substituting the expansion (68.13) in (71.7) and using the 
orthonormality of the D functions. If there is T invariance, the matrix (A'|f’|A) is 
symmetric, and (71.13) becomes 


im (A'If"|A) = [pla'if?fe"|A). (71.14) 
If the matrix is diagonalized, the diagonal elements are 


a a ee oe 
fn api’ In 1) ipl © a SIN 5). (71.15) 


Finally, we may mention some consequences which follow from the unitary 
condition together with the requirement of CPT invariance. The latter shows that 


T;; = Ty, (71.16) 


where ft and f are states which differ from i and f in that all the particles are 
replaced by antiparticles (and helicities are reversed, and also angular momentum 
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components if spherical waves are used). In particular, for the diagonal elements, 


It therefore follows from (71.8) and (71.9) that the total cross-section for all 
possible processes (with a given initial state) is the same for reactions of particles 
and of antiparticles. 

In particular, the total disintegration probabilities (i.e. the lifetimes) of the 
particle and the antiparticle are equal. These results, together with the equality of 
particle and anti-particle masses (§11), are most important consequences of the 
CPT invariance of the interactions. A similar statement for each possible disin- 
tegration channel separately would require CP invariance also (see the end of §69). 


PROBLEM 


From the unttarity condition, find the relation between the phases of the partial amplitudes for 
photoproduction of pions from nucleons (y + N—>72+N) and elastic scattering of pions by nucleons 
(1 +N—>7+N), using the fact that 7N scattering depends on strong interactions but photoproduction 
and yN scattering depend on an electromagnetic interaction. 


SOLUTION. Let the partial amplitudes be denoted by 
(AN|S|yN)=Sry, (yN|SlyN)= Sy, (@N|S|aN) = Sas, 
the suffix J and the helicity suffixes being omitted. Photoproduction is a first-order process with respect 


to the charge e, and yN scattering a second-order process; hence S,, ~ e, S,, — 1 ~ e’. The amplitude S,, 
is not small. The conditions (71.1) give, as far as terms in e, 


Swoys oF Sigove ce Sw a Sark yur = 0, (1) 
Sans + Sagan SOnOrn = 1; (2) 
on the right-hand side of (2), 1 denotes a unit matrix in the spin variables. Because of T invariance the 
matrix Sry is symmetric, and S,, = S,,. Let us take the matrix S,. in diagonal form, i.e. with respect to 
pion states having definite parities; then it follows from (2) that the diagonal elements have the form e7 
with various constants 6,. Then (1) gives for each element of the matrix S,, 
Si Ses = ern 
whence 


$3, = =(Splie*: 


Thus the phase of the partial amplitude for photoproduction (in a state having a definite parity) is 
determined by the phase of elastic mN scattering. 


CHAPTER VIII 


INVARIANT PERTURBATION THEORY 


§72. The chronological product 


THE probabilities of various processes in collisions between particles whose 
interaction may be regarded as small are calculated by means of perturbation 
theory. In its ordinary form (in non-relativistic quantum mechanics), however, the 
formalism of this theory has the defect of not exhibiting explicitly the conditions of 
relativistic invariance. Although, when this formalism is applied to relativistic 
problems, the final result will satisfy these conditions, the calculations are con- 
siderably complicated by the non-invariant form of the intermediate expressions. 
The present chapter will deal with the development of a consistent relativistic 
perturbation theory free from this defect, first established by R. P. Feynman 
(1948-1949). 

With a view to a second-quantization description of the system, let ® denote its 
wave function in the ‘“‘space’’ of occupation numbers for the various states of free 
particles. The Hamiltonian of the system is H = Hy+ V, where V is the interaction 
operator. Let ®, be the eigenfunctions of the unperturbed Hamiltonian, each 
corresponding to certain definite values of all the occupation numbers. Any 
function ® can be expanded as P= C,®,. Then the exact wave equation 


ia@/at = (Ho + V)® (72.1) 


becomes a set of equations for the coefficients C,: 
iC, => Vane oC. (72.2) 
m 


where V,m are the time-independent matrix elements of the operator V, and E, the 
energy levels of the unperturbed system (cf. QM, §40). 

By definition, the operator V does not depend explicitly on the time. The 
quantities 


Vint) = Vie (72.3) 


on the other hand, may be regarded as matrix elements of the time-dependent 
operator 


V(t) = eo Y @-iHot (72.4) 
This is said to be an operator in the interaction representation, as opposed to the 
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original time-independent Schrédinger operator V.t Now denoting the wave func- 
tion in this new representation by the same letter ®, we can write equations (72.2) 
symbolically as 


id = V(t)®. (72.5) 


The change in the wave function in this representation is due entirely to the action 
of the perturbation, i.e. it corresponds to processes which result from the inter- 
action of the particles. 

If (t) and P(t + dt) are the values of ® at two successive instants, (72.5) shows 
that 


O(t + St) =(1 — iSt - V(t)]@(t) 
= gibt: YO@(t). 


Accordingly the value of ® at any instant t; can be expressed in terms of its value 
at some initial instant t; (<t,) by 


P(t;) = (II eH) O(t), (72.6) 


where the product [] is the limit of the product over all the infinitesimal intervals 
5t, between t; and t,;. If V(t) were an ordinary function, this limit would reduce 
simply to 


| 
exp(-i | viryat), 
fj 
but this result depends on the commutativity of the factors pertaining to different 
instants, which is assumed in changing from the product in (72.6) to the summation 
in the exponent. For the operator V(t) there is no such commutativity, and the 


reduction to an ordinary integral is not possible. 
We can write (72.6) in the symbolic form 


(1) = T exp| —i f V(r) at oe), (72.7) 


fj 
where T is the chronological operator, implying a certain ‘‘chronological’’ sequence 


t It must be emphasized that the definition (72.4) makes use of the unperturbed Hamiltonian Ho. In 
this it differs from the Heisenberg representation of operators, where 


V(t) oa eitty eift. 


see QM, §13. 
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of time instants in the successive factors of the product (72.6). In particular, putting 
t; > —%, ty > +, we have 


D(+0) = $@(—~x), (72.8) 


where 
§=T exp|~i { Vit) ar}. (72.9) 


The significance of writing the formally exact solution of the wave equation in 
the form (72.7)-(72.9) is that it easily leads to the series in powers of the 
perturbation 


2 7 __+\k : P , Z Fe x 
S a Ss | | dt, | dt, eae | dt, : T{V(t,) V(t2) cee V(t}. (72.10) 
k=0 oe = a 


Here, in each term, the kth power of the integral is written as a k-fold integral, and 
the symbol T signifies that in each range of values of the variables ¢,, t2,..., t, the 
corresponding operators must be put in chronological order, with the value of t 
increasing from right to left.T 

It is evident from the definition (72.8) that, if the system was in a state ®; (an 
assembly of free particles) before the collision, the probability amplitude for a 
transition to a state ®, (another assembly of free particles) is the matrix element Sy. 
Thus these form the S-matrix. 

The electromagnetic interaction operator has already been given in §43: 


Vze | GA) dx, (72.11) 
Substitution of this in (72.9) gives 
S=T exp|— ie | (jA) d*x } (72.12) 


It is important to note that the operator (72.12) is relativistically invariant. This is 
seen from the facts that the integrand is a scalar, the integration over d‘x is 
invariant, and the time-ordering operation is invariant. The last point, however, 
needs further explanation. 

The order of two time instants ¢,; and ft, i.e. the sign of t,—t,, is independent of 
the frame of reference chosen if these instants relate to world points x; and x; 
separated by a time-like interval: (x.—x,;)?>0. In such a case the invariance of 


+ The derivation of the rules of relativistic perturbation theory by means of the expansion (72.10) is 
due to F. J. Dyson (1949). 
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time-ordering necessarily follows. But if (x.—x,)’<0 (a space-like interval), we 
may have both t,>t, and t,<t, in different frames of reference.t Now two such 
points correspond to events between which there can be no causal connection. It is 
therefore evident that the operators of two physical quantities relating to such 
points must commute, since the non-commutativity of operators signifies, physic- 
ally, that the corresponding quantities cannot be measured simultaneously, and this 
presupposes a physical connection between the two measurements. Thus the 
time-ordering of the product remains invariant in this case also: though a Lorentz 
transformation may reverse the sequence of time instants, the factors commute and 
_can therefore be restored to their chronological order.t 

It is easy to see that the definition of the S-matrix given in this section 
necessarily satisfies the unitarity condition. Writing S as the chronological product 
in (72.6) and using the fact that V is Hermitian, we find that $* is given by the 
product of similar factors, exp[iSt, - V(t,)] (with the opposite sign of the exponent), 
in the reverse of the chronological order. Thus all the factors cancel in pairs when 
S is multiplied by S*. 

It should be noted that the unitarity of the operator S is ensured in this case 
because the Hamiltonian 1s Hermitian. The unitarity condition is actually more 
general than the assumptions on which the theory given here is based. It must be 
satisfied even in a quantum-mechanical description which makes no use of the 
concepts of the Hamiltonian and the wave functions. 


§73. Feynman diagrams for electron scattering 


We shall show by means of specific examples how the scattering matrix 
elements are calculated. These examples will facilitate the subsequent formulation 
of the general rules of invariant perturbation theory. 

The current operator j contains the product of two electron w-operators. Hence 
processes might occur in the first order of perturbation theory which involve (in the 
initial and final states) only three particles: two electrons (the operator j) and one 
photon (the operator A). It is easily seen, however, that such processes cannot 
occur between free particles, being forbidden by the laws of conservation of 
energy and momentum. If p; and p2 are the 4-momenta of the electrons, and k that 
of the photon, the conservation of 4-momentum would be represented by k = 
D2 — p; or k = p2+ p;. But such equations are impossible, since for a photon k’ = 0, 
whereas the square (p, + pi) is certainly not zero: if we calculate this invariant in 


+t Instead of using the terms ‘‘time-like’’ and “‘space-like”’, we often refer briefly to regions 
respectively inside and outside the light cone: all points x separated from a point x’ by an interval such 
that (x — x’)? >0 lie within a double cone having its vertex at x’; points for which (x — x’)’ <0 lie outside 
this cone. 

¢ This statement needs refinement to avoid misunderstanding in its application to the product 
Viti )V(t2).... Since the operator V itself is not gauge-invariant (it varies with A), the factors V(t)), 
V(t), . _ though commuting in one gauge of the potential, may be non-commutative in some other 
gauge. The statements made above must therefore be formulated as asserting the possibility of choosing 
a gauge for the potential in which V(t;) and V(t2) commute outside the light cone. This reservation 
clearly has no effect on the invariance of the S-matrix: the scattering amplitudes, which are actual 
physical quantities, cannot depend on the gauge of the potential, a result which formally follows from 
the gauge invariance of the action integral (§43). | 
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the rest frame of one of the electrons, we have 


(Pp2+ pi) = 2(m° + P1p2) 
= 2(m’ + €1€2 ¥ py * po) 


=2m(m = €)), 
and, since e.>™m, it follows that 


(pot psy >0, (po-piy’ <0. (73.1) 


Thus the first non-vanishing (non-diagonal) elements of the S-matrix can appear 
only in the second order of perturbation theory. All the relevant processes are 
comprised in the second-order operator obtained by expanding the expression 
(72.12): 


A 2 A A A A 
Se = =i | [ atx d*x' -TG*(x)A,(x)p"(x)A,(x')). 


Since the electron and photon operators commute, the T product can be resolved 
into two: 


2 A A A A 
§0=-F | [ dxdt’ THOM TACAC). (73.2) 


As a first example, let us consider elastic scattering of two electrons. In the 
initial state there are two electrons with 4-momenta p, and p, in the final state two 
electrons with other 4-momenta p; and p,. It is also assumed that all the electrons 
are in definite spin states; the spin variable indices will be everywhere omitted, for 
brevity. 

Since there are no photons in either state, the required matrix element of the T 
product of the photon operators is the diagonal element (0|.. . |0), where |0) denotes 
the photon vacuum state. This value of the T product averaged over the vacuum is 
(for each pair of indices p, v) hk definite function of the coordinates of the two 
points x and x’. Since 4-space is homogeneous, the coordinates can appear only as 
the difference x — x’. The tensor 


D,.(x — x') = OITA, (x) A,(x’)]0) (73.3) 
is called the photon propagation function or photon propagator. It will be cal- 
culated in §76. 


For the T product of the electron operators, we have to calculate the matrix 
element 


(34|Tj* (x)j’(x'|12), (73.4) 


where the symbols |12), |34) denote states in which pairs of electrons have the 
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corresponding momenta. This element also can be represented as a vacuum 
expectation value, by using the obvious relation 


(2|F{1) = (O|a2Fa;|0), 


where F is any operator, dj the creation operator for the first electron and 4» the 
annihilation operator for the second electron. Hence, instead of (73.4), we can 
calculate the quantity 


(Ojaz;agT(j"(x)j"(x'))aza7/0), (73.5) 


the indices 1,2,... being abbreviations for p;, p2,.... : 
Each of the two current operators is a product, j = wy, and each of the 
y-operators is a sum: 


b=D (G+ bib), b=>d (th +byb->): (73.6) 
Pp p 


the second term in each expression contains the positron operators, which in the 
present case “do not act’. Hence the product } *(x)j ”(x’) is a sum of terms, each 
containing the product of two operators d, and two 4G). These operators must 
annihilate electrons 1 and 2, and create electrons 3 and 4. They must therefore be 
the operators di, d:, G3, Gi, which are said to contract with the ‘‘external’’ 
operators Gj, G3, G3, G4 in (73.5) and cancel according to the equations 


(O\apa7|0) = 1. (73.7) 


Four terms result, according to the W-operators from which 4), G2, a3, @@ in 
(73.5) are taken: 
eae ee eae a, ee ee 
(73.5) = asadpy*p)\(y'y"b')azai + asaddby"b)(b'y"b')azai + 
| Sa ee eee | ——a [ieee ay 
Se ee ee a eee oe 
+ asalpy"p)(y'y"P axa; + asadpy*h)b'y'b')azaz, (73.8) 
Le ——oe et cos 


where Ww = W(x), w' = h(x’), and the brackets join operators which contract, Le. 
those from which a pair of operators dG, d* is taken for the cancellation according to 
(73.7). In each term we can bring the conjugate operators together in pairs (4,47, 
etc.) by successive interchanges of 4), d),..., and the mean value of their product 
is then equal to the product of the mean values (73.7). Since all these operators 
anticommute (1, 2, 3, 4 being different states),f we find that the matrix element 
(73.4) is 


(34|Tj* (x)j° (x12) = (hay"dad (hay hi) + (oy“Wi(Way'hd) — 
— (bay "b)(hay hi) — (hay“Wi(bsy W5). (73.9) 


t Because of this anticommutativity, the operators j(x) and j(x') may here be considered to 
commute (in the calculation of the matrix element), and the T product symbol may therefore be omitted. 
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The sign of the entire sum is arbitrary, and depends on the order of the ‘“‘external”’ 
electron operators in (73.5). This is in accordance with the fact that the sign of the 
matrix element for scattering of identical fermions is itself arbitrary. The relative 
sign of the various terms in (73.9), of course, does not depend on the order of the 
external operators. 

The two terms in each line of (73.9) differ only by a simultaneous interchange of 
the indices yp, v and the arguments x, x’. This interchange clearly does not affect 
the matrix element (73.3), in which the order of factors is still established by the 
symbol T. Hence when (73.3) is multiplied by (73.9) and integrated over d‘*x d‘x’, 
the four terms in (73.9) give two pairs of equal results, and the matrix element is 
therefore 


Sia ie? | [ dtxd'x! Dulx—x Gey bbsy'W)— Gar wndiy' Wk 
(73.10) 
the factor } has now disappeared. 
The electron wave functions are the plane waves (64.8). The expression in the 
braces is therefore 
{...} = (Hay*ua)(Hsy"Uy) e102 POZO PDs — 
= (iigy"U)(dsy"U2) e (Pi Pax t(D 2—p3)x" 
= {(day"U2)(disy"uy) eZ POTS PVN? — 
om (igy"u)(sy"U2) e~lPi~Padt(ps— Pa)li2y e@iPitP2-P3~Pa)X | 
where X =3(x +x’), €=x-—x’'. The integration over d‘*x d‘x’ is replaced by one 
over d*é d*X. The integral over d*X gives a delta function, so that p;+ p2 = p3+ Pu. 


Then, changing from the matrix S to the matrix M (§64), we have finally for the 
scattering amplitude 


My = e*{(tiay“u2)D,., (pa — P2)(iisy"u,) — (ugy”U))D,, (Da — Pi)(s'y"Ur)}- (73.11) 


Here we have used the photon propagation function in the momentum represen- 
tation: 


D,,(k) = | D,,,(€) e™ d‘€. (73.12) 


Each of the two terms in the amplitude (73.11) can be symbolically represented 
by means of a Feynman diagram: the first term by 


e7(U47‘U2)D,, (k) (U3y"u,) == 


(73.13) 


a 


P, p, 


290 Invariant Perturbation Theory §73 


Each point of intersection of lines (a vertex of the diagram) has a corresponding 
factor y. The “incoming” continuous lines towards a vertex represent the initial 
electrons, which are associated with the factors u, the bispinor amplitudes of the 
corresponding electron states. The ‘“‘outgoing”’ continuous lines leaving a vertex are 
the final electrons, and correspond to the factors u. When the diagram is “‘read”’, 
these factors are written from left to right in the order of movement along the 
continuous lines against the direction of the arrows. The two vertices are joined by 
a broken line which represents a virtual (intermediate) photon “emitted” at one 
vertex and ‘‘absorbed” at the other, and corresponds to the factor —iD,,(k). The 
4-momentum of the virtual photon k is determined by the ‘‘conservation of 
4-momentum”’ at the vertex: the total momenta of the incoming and outgoing lines 
are equal. In this case k = p; — p3= pa— p2. AS well as the factors mentioned, the 
whole diagram is also assigned a factor (—ie)’ (the exponent being the number of 
vertices in the diagram), and then represents a term in iM,,. Similarly, the second 
term in (73.11) is represented by the diagram 


e7(Ggy Uy Da (k (Og y uy) - == {k (73.14) 


tng, 


Ps P, 


ww 


with k' = p, — p4= P3— p2. It does not matter whether the diagram is read from the 
end of p; or from that of p,.-The resulting expressions are equal, because the tensor 
D,, is symmetrical. The choice of direction for the virtual photon line is also 
immaterial: a change in its direction simply reverses the sign of k, which does not 
matter, since the functions D,,(k) are even (see $76). 

The lines corresponding to the initial and final particles are called the external 
lines or free ends of the diagram. The diagrams (73.13) and (73.14) differ by the 
interchange of two electron free ends (p; and p,). This interchange of two fermions 
reverses the sign of the diagram, in accordance with the fact that the two terms 
appear with opposite signs in the amplitude (73.11). 

We shall everywhere use Feynman diagrams in this momentum representation, 
but they can also be associated with the terms in the scattering amplitude in the 
original coordinate representation (the integrals (73.10)). Here the electron am- 
plitudes are replaced by the corresponding coordinate wave functions, and the 
propagators are in the coordinate representation. Each vertex corresponds to one 
of the variables of integration (x or x’ in (73.10)); the factors assigned to the lines 
that meet at a vertex are taken as functions of the corresponding variable. 

Let us now consider the mutual scattering of an electron and a positron; their 
initial momenta will be denoted by p- and p, respectively, and their final momenta 
by p" and p.. 

The positron creation and annihilation operators appear in the w-operators 
(73.6) together with the electron annihilation and creation operators respectively. 
Whereas in the previous case the operator w annihilated the two initial particles 
and w created the two final particles, here these operators act oppositely with 
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regard to electrons and positrons. The conjugate function &(—p.) will therefore 
now describe the initial positron, and w(—p’) the final positron, both being 
functions of the 4-momentum with reversed sign. Taking account of this difference, 
we obtain the scattering amplitudet 


My = — e7(i(p_)y"u(p-))D,..(p- — p-)(i(—p+)y"u(— p‘.)) + 
+ e*(ii(—p.)y"u(p-))D,,(p- + p+)(ii(p)y"u(—p4)). (73.15) 


The two terms in this expression are represented by the following diagrams: 


—p. Sine p. 


hace (73.16) 
p Pia =p, 


The rules for constructing the diagrams are altered only as regards the positrons. 
The incoming and outgoing continuous lines are again associated with factors u and 
u respectively. Now, however, the incoming lines correspond to final positrons and 
the outgoing lines to initial positrons, the momenta of all the positrons being taken 
_ with reversed sign. 

The difference between the two diagrams (73.16) should be noted. In the first 
diagram, lines of the initial and final electrons meet at one vertex, and those of the 
two positrons at the other. In the second diagram, initial electron and positron lines 
meet at one vertex, and final lines at the other. The upper vertex represents 
annihilation of a pair with emission of a virtual photon; the lower vertex represents 
the creation of a pair from this photon. 

This difference affects the properties of the virtual photons in the two diagrams. 
-In the first diagram (“‘scattering” type), the 4-momentum of the virtual photon is 
the difference between those of the two electrons (or positrons); hence k*? <0 (cf. 
(73.1)). In the second diagram (‘‘annihilation” type), k’ = p_+p., and hence k” >0. 
Here it should be noted that for a virtual photon we always have k’ #0, unlike a 
real photon, for which k? = 0. 

If the colliding particles are not identical and also not a particle and its 
antiparticle (for instance, an electron and a muon), then the scattering amplitude is 
represented by a single diagram: 


i al p_ 
} PP. 
it, . 


ple): p!e) 


1k (73.17) 
ya ie, p'” 


+t The sign of the whole amplitude is definite in the scattering of non-identical particles, being 
determined by the fact that in (73.5) the ‘‘external’’ operators must be arranged so that the two electron 
operators are both at the ends: (O|a’b’...b*a"|0) (or both in the middle); this condition ensures the 
‘‘same sign’ of the initial and final vacuum states. The sign of the amplitude can also be verified from 
the non-relativistic limit: we shall see later (§81) that, in this limit, the second term in (73.15) tends to 
zero, and the first term tends to the Born amplitude of Rutherford scattering. 
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There can be no annihilation or exchange type diagram in this case. The same 
result can be obtained analytically by writing the current operator as the sum of 
electron and muon currents: 


A 
* 


j= jo+ j” 
i (pb yp) af (yyy?) 


and taking, in the product j“'(x)j'(x’), the matrix elements of terms which give the 
required annihilations and creations of particles. 

Let us now consider first-order processes, which, as mentioned at the beginning 
of this section, are forbidden by the conservation of 4-momentum. The matrix 
elements of the operator 


SM = ~ie { j(xyAQo d'x (73.18) 


for such transitions correspond to the creation or annihilation of three real particles 
(two electrons and one photon) at “the same point x”. They occur by the 
contraction of the operators W(x) and W(x) at the same point, and are expressed, 
for example in the case of photon emission, by integrals of the form 


Si =~ ie [ daz yA*(x)) d*x, 


which vanish because the integrand includes the factor exp[—i(p; — p2— k)x] with a 
non-zero exponent. In the language of Feynman diagrams, this means that diagrams 
with three free ends such as 


a. (73.19) 
are zero. 


For the same reason, second-order processes involving six particles in the initial 
State (or in the final state) are impossible. In the matrix element S, for such a 
transition, the integral over d*x d‘x’ would separate into a product of two vanishing 
integrals over d*x and d‘x’ of products of three wave functions taken at the same 
point. In other words, the corresponding diagram would separate into two in- 
dependent diagrams of the type (73.19). 


§74. Feynman diagrams for photon scattering 


Let us now consider another second-order effect: the scattering of a photon by 
an electron (the Compton effect). In the initial state let the photon and the electron 
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have 4-momenta k, and p;, and in the final state k, and p2 (and also definite 
polarizations, which will be omitted for brevity). 
The photon matrix element is 


(2ITA, (x) A,(x’)1) = Ole2oT A, (x) A,(x')c7|0), (74.1) 


where 
A =>) (Aut CF A¥). 
k 
Contraction of the external and internal operators gives 
=I 
(74. 1) = CoA, ALCi + CoA,ALCT 
= Af,Ai,+ Ai, AX, (74.2) 


where we have used the commutativity of the operators ¢; and ¢3; for the same 
reason, the symbol T can here be omitted. 
The electron matrix element is 


(2|Tj4#(x)j’°Cx’ ML) = OlasT(by"w)(b'y"h)az 0). (74.3) 


This involves four w-operators. Only two are concerned with the annihilation of 
electron | and the creation of electron 2, and will be contracted with the operators 
Gd} and d). These may be w’, J or w’, & (but not ¥, w or Ww’, W’: the creation and 
annihilation of two real electrons and one real photon at the same point x or x’ 
would give an expression equal to zero). By carrying out the two possible ways of 
contraction, we obtain two terms in the matrix element (74.3). These will first be 
written on the assumption that t >t’: 


a rier Tim beN at Tn, Tt. Vp + 
(74.3) = arly Wi(yry ya + arly hb) y’p')ar. (74.4) 


In the first term the contracted operators are Gd. —> d,diun, W'aj{ > da; ui. 
Since the operators G,d] and 4,d; are diagonal and appear at the end of the 
products, they can be replaced by the vacuum expectation value, i.e. unity. To 
make a similar transformation in the second term of (74.4), the operator G; must 
first be “‘pulled”’ to the left, and d, to the right. This is done by means of the 
commutation rules for the operators Gy, dj: 


{dp, wb}, = {a,, Wy} a 0, 


ee ee (74.5) 
{a,, Ww}, = Wp, {a;, ps}. = Wp. 


Then (74.4) becomes 


Olay" dW’ yh) —(by"hyhiy’b 0), tt >t’; (74.6) 
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only the operator factors are averaged, of course. Similarly, for t < t', we obtain an 
expression differing by the interchange of » and v and of the primed and unprimed 
symbols: 


(O]—(b'y'U)doy"h) + iy’ hb by"h))0), t<t. (74.7) 


The two expressions (74.6) and (74.7) can be written as one by using the 
chronological product of the w-operators: 


Tix) d(x) = Bix) d(x’), t<t; 


a . (74.8) 

= — W(x )yi(x), t' >t, 
where i and k are bispinor indices. Then the first and second terms in (74.6), (74.7) 
can be combined in the form 


Doy"O|T wh - b'O)y hi + Woy" (O|Tw’ - BlO)y“W, (74.9) 


where w- & denotes the matrix wuy. 

It should be noted that, in the natural definition (74.8), the operator products are 
taken with opposite signs for t<t’ and t >t’. In this respect it differs from the 
definition of the T product which has been used for the operators A and j. This 
difference arises because the fermion operators & and # anticommute outside the 
light, cone, unlike the commuting boson operators A and the bilinear operators 
J = wyw.t This procedure ensures the relativistic invariance of the definition (74.8). 
A formal proof of the commutation rules for the w-operators will be given in §75. 

We shall define the electron propagation function or electron propagator, a 
bispinor of rank two, as 


Gi(x ~ x') = —i(O|T W(x) p(x’) 10). (74.10) 


Then the electron matrix element becomes 
(2|Tj*(x)j" (x1) = itoy"Gy'ht + ivsy’Gy'h. (74.11) 


On multiplication by the photon matrix element (74.1) and integration over d‘x d*x', 
the two terms in (74.11) give the same result, and so we have 


Shi = —ie? | | d*x d‘x’ W(x) y"G(x — x')y"h\(x') X 


xX {AR (x)Ai(x') + AR(X Ai, (X)}- (74.12) 


t The w-operators themselves, it will be recalled, correspond to no measurable physical quantities, 
and therefore need not commute outside the light cone. 

{ The T product of any number of w-operators may be defined similarly. It is equal to the product of 
all the operators arranged in order of increasing time from right to left, the sign being determined by the 
parity of the interchange needed to obtain this order from the order shown under the T product symbol. 
Accordingly, this sign changes when any two wW-operators are interchanged; for example, 


Thi(x)du x’) = — Tex )i(). 
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Substituting the plane waves (64.8), (64.9) for the electron and photon wave 


functions and separating the delta function as in (73.10), we obtain finally the 
scattering amplitude 


My = —4 re iio{(-ye#)G(pi + ki)(-yer) + (yer)G (pi — ka)(yes)}un, (74.13) 
where @é;, é2 are the photon polarization 4-vectors and G(p) the electron propagator 


in the momentum representation. 


The two terms in this expression are represented by the following Feynman 
diagrams: 


4m e*ts (yes) G(f) (ye; uy 


(74.14) 


4re*intye) Gif) (yes) uy == 


The broken-line free ends of the diagrams correspond to real photons; the 
incoming lines (initial photon) are associated with a factor V(47)e, and the 
outgoing lines (final photon) with a factor V(4m)e*, where e is the polarization 
4-vector. In the first diagram, the initial photon is absorbed together with the initial 
electron, and the final photon is emitted together with the final electron. In the 
second diagram, the final photon is emitted together with the annihilation of the 
initial electron, and the initial photon is absorbed together with the creation of the 
final electron. 

The continuous internal line joining the two vertices represents a virtual 
electron whose 4-momentum is determined by the conservation of the 4-momentum 
at the vertices. This line is associated with a factor iG(f{). Unlike the 4-momentum 
of a real particle, that of the virtual electron has a square which is not equal to m’. 
If the invariant f? is considered, for example, in the rest frame of the electron, we 
easily find that 


P=DMitkyY>m,  f?=(pi—ky<m’. (74.15) 


875. The electron propagstor 


The propagation functions or propagators defined in §§73 and 74 are of 
fundamental importance in the formalism of quantum electrodynamics. The photon 
propagator D,, is a basic characteristic of the interaction of two electrons, as is 
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shown by its position in the electron scattering amplitude, in which it is multiplied 
by the transition currents of the two particles. The electron propagator plays a 
similar part in the electron—photon interaction. 

Let us now calculate the actual values of the propagators, taking first the 
electron propagator. Let the operator yp —m, where p, = id,, act on the function 


Gi (x — x') = —i(O[Toi(x) dx (x')]0), (75.1) 


i and k being bispinor indices. Since W(x) satisfies Dirac’s equation (yp — m)us(x) = 0 
we find that the result is zero at all points x, except those for which t = t'. The reason is 
that G(x — x’) tends to different limits as t>t’+0 and t-t’—0: according to the 
definition (74.8) these limits are respectively 


—iCO|di(r, tar’, t)]0) and +i(Olya(r’, t)yi(r, t)|0), 


and, as we shall see, they are not the same on the light cone. This causes an additional 
delta-function term to appear in the derivative dG/dt: 

aG OW; (x 
a ers wt PhO) F(x’)/0 


0) LS = 4G 23 Gi). (75.2) 


Since the derivative with respect to t appears in the operator yp —m in the form 
iy® a/at, we therefore have 


(yp — m)cGu(x ~ x') = 5(t — tykOl{Wa(r, £1), dar’, D}.10). (75.3) 
The anticommutator is calculated as follows. On multiplying the operators 


wr, t) and wr’, t) (see (73.6)) and using the rules for interchange of the fermion 
operators 4d), b,, we find 


(hile, t), dele’, he =D (Ypilr) Vpn (r’) + Wp (ry -p.x(r')), (75.4) 


where w.,(r) are wave functions without the time factor; as in §§73 and 74, the 
polarization indices are omitted for brevity. The set of all functions w.,(r), which 
are eigenfunctions of the electron Hamiltonian, forms a complete set of normalized 
functions, and according to the general properties of these (cf. QM, (5.12)) we have 


D [Ypilr) hue’) + Wp, (ry *y, e(e’)] = 8x5(r — 1’). (75.5) 
P 


The sum on the right-hand side of (75.4) differs from that in (75.5) in that yf is 
replaced by (w*y°),, and its value is y35(r—r’). Thus 


{bi(r, t), U(r’, t}s = 8(r — rv’) y%. (75.6) 


From this formula it follows, in particular, that the operators w and r anti- 
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commute outside the light cone, as stated in §74. When (x — x')’ <0 there is always 
a frame of reference in which t = t’; if then rr #r’, the anticommutator (75.6) is in 
fact zero. 

Substituting (75.6) in (75.3) (and omitting the bispinor indices), we have finallyt 


(yp — m)G(x — x') = 6 (x — x’). (75.7) 


Thus the electron propagator satisfies Dirac’s equation with a delta function on 
the right-hand side. Mathematically speaking, therefore, it is the Green’s function 
for Dirac’s equation. 

We shall later be concerned not with the function G(é) itself (€ = x — x’), but with 
its Fourier components: 


G(p) = G(E) e* d'é (75.8) 


(the propagator in the momentum representation). Taking the Fourier component 
of each side of (75.7), we find that G(p) satisfies the algebraic equations 


(yp —m)G(p)=1, (75.9) 
the solution of which ts 
G(p) = er (75.10) 


The four components of the 4-vector p in G(p) are independent variables, not 
related by p’=p-— p’ = m’. Writing the denominator in (75.10) as p3— (p?+ m”), we 
see that G(p), as a function of po for given p’, has two poles at po = +e, where 
e = V(p’+m_’). Thus, in the integration with respect to po in the integral 


GO = Gey | eG) a'p 
7 aay) d’p er" | dpo- e~”** G(p) (75.11) 


(where 7 =t —t’), the question of avoiding the poles arises; until this is decided, the 
expression (75.10) remains essentially indeterminate. 

To settle this question, we go back to the original definition (75.1), and 
substitute in it the W-operators as the sums (73.6), noting that the only non-zero 
vacuum expectation values are those of the following products of creation and 
annihilation operators: 


(Oja,az|0)=1,  — (O[b,bZ]0) = 1. 
t The explicit form, including the bispinor indices, is 


(yp — m)iuGu(x ~ x') = 8 (x — x')Six. (75.7a) 
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(Since in the vacuum state there are no particles, a particle has to be “‘created”’ by 
the operator dG; or b> before it can be ‘“‘annihilated”’ by 4, or b,.) The result is 


Gi (x —x'‘)=-1 py pill, t)Wpx(r’, t’) 


=—] >: grtieh pir) Wok (r’) fort-—t'> 0; 
‘ (75.12) 
G(x —x') =i 2 b—px(r’, tp, (rr, t) 


=i > ew, (r)d_pa(r’) for t-t' <0. 
P 


For t >t’ only the electron terms contribute to G, and for t <t’ only the positron 
terms. 

If the summation over p is replaced by an integration over d’p, a comparison of | 
(75.12) and (75.11) shows that the integral 


[ew G(p) dpo (75.13) 


must have a phase‘factor e~” for r > 0 and e‘” for 7 <0. This can be achieved by 
passing above the pole po=e and below py=~—e in the plane of the complex 
variable po: 


cnaee meme cumamae hence (75.14) 


For, when + >0, the path of integration is closed by an infinite semicircle in the 
lower half-plane, so that the value of the integral (75.13) is given by the residue at 
the pole po = +e; when 7 <0, the path is closed in the upper half-plane, and the 
integral is given by the residue at the pole po=—e. The desired result is thus 
obtained in each case. 

This rule for avoiding the poles (Feynman’s rule) can be differently stated as 
follows: the integration is everywhere along the real axis, but the mass m of the 
particle is given an infinitesimal negative imaginary part: 


m—>m — i0. (75.15) 
We then have 
E> Vp’ +(m — i0)’] 


= V[p? + m?- i0] 


= ¢ — i0. 
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The poles po = +e are therefore moved off the real axis: 


—e€+iG 
e 
ee aren Cee ee ee (75.16) 
0 e 
+¢-i0 


and the integration along this axis is equivalent to integration along the path 
(75.14).+ Using the rule (75.15), we can write the propagator (75.10) in the form 


+ 
G(p) = Serra > TT (75.17) 


The rule of integration with displaced poles can be proved by means of the 
relation 


l 
x+i0 


=p i. imr8(X), (75.18) 


which is to be taken in the sense that multiplication by any function f(x) and 
integration gives: 


ox 


x+i0 


—-D 


LOC) gy = p [@ £0) ay — imf(0) (75.19) 


(the symbol P denoting the principal value). 
The Green’s function (75.10) is the product of the bispinor factor yp +m and a 
scalar, 


G(p) = 1/(p* ~ m’). (75.20) 


The corresponding coordinate function G®(€) is evidently a solution of the 
equation 


(p? — m2)G(x — x’) = (x — x'), (75.21) 


i.e. it is the Green’s function of the equation (p’— m*) =0. In this sense we can 
say that G(x — x’) is the scalar-particle propagator. It is easily seen by calculation, 
in the same manner as above, that the scalar field propagation function can be 
expressed in terms of the w-operators (11.2) by 


G(x — x’) = —i(0/T w(x) *(x')/0), (75.22) 
which is analogous to the definition (75.1). The chronological product is defined (as 


t It is useful to note that the rule for moving the poles corresponds to an infinitesimal damping of 
G(x — x’) with respect to |r| =(|t — t’|: if the value of po at the displaced poles is written as —(e — i) and 
+(¢ —i6), with 6 > +0, then the time factor in the integral (75.13) becomes exp(—ie|t|— 5|7)). 
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for all boson operators) by 


Ti(x)W (x) = do) (x), t>ts 
(75.23) 


= Wi(x'W(x), t<t, 


with the same sign for both t >t’ andt <t’. 


§76. The photon propagator 


Hitherto we have been concerned (in §§43 and 74) with the explicit form of the 
electromagnetic field operator A only in finding the matrix elements with respect to 
a change in the number of real photons. For this purpose it was sufficient to use the 
representation (§2) of the free field potentials in terms of transverse plane waves. 

This representation, however, does not give a complete description of every 
field, as is clear from the fact that the scattering diagrams (73.13), (73.14) must also 
take account of the Coulomb interaction of the electrons. The latter is described by 
the scalar potential ® and certainly cannot be reduced to an exchange between 
transverse virtual photons (describable by a vector potential such that div A = 0).T 

Thus we have as yet essentially no complete definition of the operators A, and 
without this it 1s impossible to carry out a direct calculation of the photon 
propagator by means of the formula 


D,..(x — x') = i(O|TA, (x) A,(x')/0). (76.1) 


On the other hand, the fact that the potentials are not gauge-invariant deprives of 
much of their physical meaning the operators which would be needed for a 
complete quantization of the electromagnetic field. 

These difficulties, however, are purely formal, not physical, and can be avoided 
by using certain general properties of the propagator, which are evident from the 
requirements of relativistic invariance and gauge invariance. 

The most general 4-tensor of rank two which depends only on the 4-vector 
=X =X 1S 


D,(&) = 2,,D(E’) - 0,0,D(E’), (76.2) 


where D and D" are scalar functions of the invariant €’.t This tensor is necessarily 
symmetrical. 


+ With the condition div A = 0, Maxwell’s equations lead to the following equations for A and ®: 


DOA = —4np + VS, A® = —4np. 


In this gauge, the potential ® satisfies the static Poisson’s equation; cf. (76.13) below with Doo in the 
same gauge. 

t+ These functions are different in the three ranges of values of the argument which are not mutually 
interchanged by Lorentz transformations: the regions outside the light cone (€- <0), and within its two 
parts (£7 >0; & > 0, é0. <0). 
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In the momentum representation, we correspondingly have 
D,,,(k) = D(k’)g,, + k,k,DO(k?). (76.3) 


where D(k’*), D'?(k’) are the Fourier components of the functions D(é’), D‘(é’). 

The photon propagation function, in physical quantities (scattering amplitudes), 
is multiplied by the transition currents of two electrons, 1.e. it appears in com- 
binations of the form (j*)2,D,.(j")43; see, for instance, (73.13). But, because of the 
conservation of current (d,j4 =0), the matrix elements j., = yi, satisfy the 
condition of 4-transversality, 


kJ" dor a 0, (76.4) 


where k =p2—p,; cf. (43.13). It is therefore clear that all physical results are 
unchanged by the substitution 


Diy > Du + X¥uk,. + XK, (76.5) 


where the y, are any functions of k and kp. This arbitrariness in the choice of D,, 
corresponds to that in the field potential gauge. 

The arbitrary gauge transformation (76.5) can violate the relativistically in- 
variant form D,, assumed in (76.3) if the quantities y, do not make up a 4-vector. 
But, even considering only relativistically invariant forms of the propagator, we see 
that the choice of the function D(k?) in (76.3) is entirely arbitrary; it does not 
affect any physical results, and can be made in any convenient manner (L. D. 
Landau, A. A. Abrikosov and I. M. Khalatnikov, 1954). 

Thus the determination of the propagation function amounts to that of a single 
gauge-invariant function D(k’). If we take a given value of k’, and the z-axis in the 
direction of k, the transformations (76.5) will not affect the components D,, = D,, = 
— D(k"). It is therefore sufficient to calculate the component D,,, using any gauge 
for the potentials. 

We shall use a gauge in which div A=0 and the operator A is given by the 
expansion (2.17), (2.18): 


A=> \= (Cy e+ Efe * ec), = w = |kI; (76.6) 
k,a 


the index a = 1, 2 labels the polarizations. The only non-zero vacuum expectation 
values of products of the operators ¢, ¢* are (O|cy.Cka|0) = 1. Then, by the definition 
(76.1), we have 


l 27i d’k 
Ww 


Dil8) = Hy (> ee om) enielrleikg (76.7) 


a 


where i, k are three-dimensional vector indices; the summation over k has been 
replaced by an integration over d°k/(27)°. The absolute value of 7 = t — t' appears in 
the exponent, because the operator product in (76.1) is chronological. 
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It is evident from (76.7) that the integrand without the factor e'*'* is the 
component of the three-dimensional Fourier expansion of the function Dx(r, t). 
For D,, = —D, it 1s 


(27ri/w) eS le? = (Q7ifw) e "|, 


To find D,,(k?) we now have to represent this function as a Fourier integral over 
time. The appropriate formula is 


bo 2] 


2m vinta | 4n ~ikot 
wo © Fm) Rau IO® 


—-x 


As explained in §75, this integration is understood to be taken along a contour 
passing below the pole ko = |k| = w and above the pole ky = —|k| = —w; for r >0 the 
value of the integral is determined by the residue at the pole ky = +w, and for 7 <0 
by that at kp = —w. 

Thus we have finally 


D(k’) = 4a/(k? + i0). (76.8) 


The term +i0 in the denominator which results from this proof is in accordance 
with the rule (75.15), i0 being subtracted from the (zero) mass of the photon. It is 
evident from (76.8) that the corresponding coordinate function D(&’) satisfies the 
equation 


— 0,0"D(x — x’) = 4778 (x — x’), (76.9) 


l.e. it is the Green’s function of the wave equation. 
We shall generally take D“ =.0, i.e. use the propagation function 


4 
Dy = 8uvD(Kk) = pry 7G Bo (76.10) 


(the Feynman gauge). 
There are also other gauges which may be advantageous in certain applications. 
Putting D” = — D/k’, we obtain the propagator in the form 


4 k.k, 
D,, = (au - “| (76.11) 


(the Landau gauge), with D,,k” = 0. This choice is similar to the Lorentz gauge for 
potentials (A,k” = 0). 

The propagator gauge conditions D,k' = 0, Dok' = 0 are analogous to the three- 
dimensional gauge condition div A = 0 for the potentials. Together with 


D,, = —D = —4a/k’, 
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these conditions give 


4 kik 
Di = - (i - 52). (76.12) 


In order to obtain this Dj, we must apply to the propagator (76.10) the trans- 
formation (76.5), putting 


oe as 47w aes Ark; 
XO 207 = O(a 


The remaining components D,, are then found to be 
Doo = —47/k?, Do = 9. (76.13) 


This is called the Coulomb gauge (E. E. Salpeter, 1952). Doo is here the Fourier 
component of the Coulomb potential. 
Finally, the propagator gauge in which 


4 kik 
Di= =r (61-4), Dui = Do= 0, (76.14) 


is analogous to the potential gauge condition ® = 0. This is a convenient form for. 
use in non-relativistic problems (I. E. Dzyaloshinskii and L. P. Pitaevskii, 1959). 

All the above expressions relate to the momentum representation of the 
propagator. In some cases, it is convenient to use the mixed frequency-—coordinate 
representation, i.e. the function 


D,,,(, 1) = | Dy.(w, k) e** @k/(2m), (76.15) 
In the Feynman gauge (76.10) 


D,.(@, r) = gu,D(, r), 
where 


eik-r da’k 
D(w, 1) = 40 | Cray 0 ay 


fe] 


ei*r — eth 


yes ale 
~ | oR TO EA 


or, changing k to —k in the second term in the integrand, 


if e®kdk 
Diw=-35 | oe 
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The integration here is carried out by closing the contour of integration with an 
infinite semicircle in the upper half-plane of the complex variable k, and amounts to 
taking the residue at the pole k =|w|+ i0. The final result is 


D(w,r) = + el (76.16) 


The following comment may be made regarding this expression. The process 
described by the diagrams (73.13) and (73.14) may be intuitively regarded as the 
scattering of electron 2 in the field due to electron | (or vice versa). The function 
(76.16) corresponds to the usual “retarded” potential «e'” (see Fields, (64.1), 
(64.2)) only when w > 0. The sign of w, however, depends on the arbitrary choice of 
the direction of the arrow of k in the diagram. The above-mentioned property of 
D(w, r) signifies that in quantum electrodynamics the source of the field is to be 
regarded as the particle which loses energy, i.e. emits a virtual photon. 

To conclude this section, let us also consider the problem of the propagator for 
particles with spin 1 and non-zero mass. There 1s then no arbitrariness of the gauge, 
and the choice of the propagator 1s unambiguous. 

Substituting the w-operators (14.16) in the definition 


Gy, = —i(O|Tw, (x) 7 (x'))0), (76.17) 


we obtain an expression that differs from (76.7) only in that the sum over 
polarizations in the integrand is replaced by 


> oye. 
a 


Summation over polarizations is equivalent to averaging and multiplication by 3, 
the number of independent polarizations. Averaging gives the density matrix of 
unpolarized particles (14.15). Thus we find for the propagator of vector particles 


aie 1 _ PuPy 
G,.(P) mt i0 (ee Pubs). (76.18) 


The propagators (75.17) and (76.18) have similar structures: the denominator 
contains the difference p’— m’, and the numerator is (apart from a factor) the 
density matrix of unpolarized particles with a given spin. 


$77. General rules of the diagram technique 


The calculation of the scattering matrix elements that has been given for some 
simple cases in §§73 and 74 contains all the fundamental features of the general 
method. There is no particular difficulty in deriving the corresponding general rules 
for calculating the matrix elements in any order of perturbation theory. . 

As has already been mentioned, the matrix element of the scattering operator S 
for the transition between any initial and final states is equal to the vacuum 
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expectation value of the operator obtained by multiplying S on the right by the 
creation operators of all the initial particles and on the left by the annihilation 
operators of all the final particles. 

This treatment puts the S-matrix element in the following form in the nth order 
of perturbation theory: 


. ] 
(f |S li) = 71 Ol. -  baybiy.. Ci X 


x d*x,... d*x,T{i(—ieyAW) vee (Uin(— ie yAn) Wn )}C ti 1.44... di... 0); 
(77.1) 


the suffixes li, 2i,... label the initial particles (positrons, electrons and photons 
separately), and the eufhixes If, 2f,... label the final particles. The suffixes 1, 2,. 

to the operators w and A signify that wy, = &(x1) and so on. The operators ws and A 
which appear here are linear combinations of the creation and annihilation opera- 
tors of the corresponding particles in various states. Thus we obtain expressions 
for the matrix elements which are the vacuum expectation values of the products 
of the particle creation and annihilation operators and of their linear combinations. 
The calculation of such expectation values is effected by means of the following 
results, which constitute Wick’s theorem (G. C. Wick, 1950). 

(1) The vacuum expectation value of the product of any number of boson 
operators ¢* and ¢ is equal to the sum of the products of all possible expectation 
values of these operators taken in pairs (contraction). In each pair, the factors must 
be placed in the same order as in the original product. 

(2) For the fermion operators d*, 4, b*, b (of the same or different particles), 
the rule is the same except that each term appears in the sum with positive or 
negative sign according to the parity of the number of interchanges of fermion 
operators needed to bring together all the operators that are averaged in pairs. 

The expectation value must obviously be zero unless the product contains a 
factor d*, b*, é* for each factor a, b, é. Then only pairs of operators (4, G*),..., 
pertaining to the same states are to be contracted, and moreover only those pairs in 
which 4’, etc., is to the right of d, etc.: the particle is first created and then 
annihilated (whereas (O|a*a|0) = 0, etc.). 

If each pair (a, G*), etc. appears only once in the product, Wick’s theorem is 
obviously true, the expectation value then reducing to a single product of pairwise 
expectation values. Its validity is also evident when all the annihilation operators in 
the product are to the right of the creation operators; this is called a normal 
product. The expectation value is then zero. Wick’s theorem is now easily proved 
by induction for the general case where one pair of operators appears k times in 
the product, as follows. 

Let us consider the expectation value (0|..cc*..|0), in which the pair of boson 
operators appears k times; the argument is entirely similar for fermion operators. If 
we interchange the factors ¢ and ¢* in one pair, the commutation rules give 


(O|..cc*..|0)=(O]..c*%c..|0)+(0]..1.. ]0). (77.2) 
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The expectation value (0]..1..|0) contains k —1 pairs, and Wick’s theorem is 
assumed to be valid for it. If the expectation value (0|..cc”..|0) is expanded by 
Wick’s theorem, it differs from (O|..c’c..|0) by just the term 


(O).. 1... 10Olec’ 


0) = ]..1..|0) 


in the expansion of (0|..c’c..{|0), the corresponding term (0j.. 1 “¢e|0) is 
zero. Hence it follows from (77.2) that, 1f Wick’s theorem is valid for a matrix 
element (0|..c’c..|/0), it is still valid when ¢ and ¢” are interchanged. Since the 
theorem 1s known to be valid for one particular order of factors (the normal order), 
it is therefore true in every case. 

Since Wick’s theorem is valid for products of operators a, b,..., it is also true 
for all products which contain the linear combinations w, wb, A Be; a, se , as well 
as the latter operators themselves. On applying this theorem to the matrix element 
(77.1), we bring it to the form of a sum of terms, each term being the product of a 
number of pairwise expectation values. The latter will include contractions of the 
operators W, w, A with “external’’ operators—those which create the initial parti- 
cles or annihilate the final particles. These contractions are expressed in terms of 
the wave functions of the initial and final particles by the formulae 


(Q|Acj10)= A, lc A|0) = A¥, 
(O|Wa5|0) = (Olapy 0) = or, (77.3) 
(Ojb,W|0) = wp, (Olysb 50) = Wp, 


where A, and yw, are the photon and electron wave functions with momentum p 
(the polarization indices are omitted for brevity, as in §§73 and 74). Contractions of 
the ‘internal’ operators in the T product will also occur. Since the sequence of 
factors in each contracted pair is preserved when applying Wick’s theorem, the 
chronological sequence of operators is preserved in these contractions, and they 
are therefore replaced by the corresponding propagators.t 

Each term of the sum obtained from the matrix element by applying Wick’s 
theorem is represented by a particular Feynman diagram. In the nth-order diagram 
there are n vertices, each corresponding to one of the variables of integration (the 
4-vectors X;, X2,...). Three lines meet at each vertex, two being continuous 
(electron lines) and one broken (photon line); these correspond to the electron 
operators py and ys and the photon operator A as functions of the same variable x. 
The operator & corresponds to the incoming line and w to the outgoing line. 

By way of illustration, we shall give some examples of the correlation between 
the terms of the matrix element in the third approximation and the diagrams. 


+t The following comment must be made regarding this last statement. In proving Wick’s theorem, 
we have made use of the commutation rules for the operators € and ¢*, which are meaningful only for 
real (‘transverse’) photons. The “external” operators ¢;, ¢; do in fact, of course, correspond to such 
(initial and final) photons, but the operators A (which appear within the T product) describe, as shown 
in §76, not only transverse photons. The situation here is similar to that in the calculation of D,. (§76). 
Owing to the relativistic and gauge invariance, it is sufficient to prove the theorem for those products 
(i.e. components of the tensors (O|TA,A,...|0)) which are determined by the transverse parts of the 
potentials. The theorem is then valid for all products. 
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Omitting the integral sign and the symbol T, and also the operator symbols, the 
factors —iey, and the arguments of the operators, we can symbolically write these 
terms as 


(a) (LAL) (PAY) (PAY) == seca Mcceas. 


Sealey Sees (en eee ee 
(b) (PA) b) (YAY) (DAG) — 
(77.4) 
ee | 
7 = s | { | 
(c) (PAY) (PAY) (PAY) =< aera Pees eee Cheers 
Laced ee 


(ay CLAS) (LAW) PUG 
ees 


For clarity, the electron and photon contractions are shown by continuous and 
broken lines as in the diagrams. The direction of the arrows from # to & for the 
electron contractions is the same as in the diagrams. For the internal photon 
contractions the direction is immaterial (the photon propagator is an even function 
of x — x’). 

The terms thus obtained include equivalent terms which differ only in that the 
vertices are renumbered, i.e. that the correlation between the vertices and the 
variables is changed, or simply that the variables of integration are renamed. The 
number of such interchanges is n!; this cancels the factor 1/n! in (77.1), and there is 
then no need to consider diagrams differing only by interchange of vertices. This 
has already been noted in §§73 and 74. For example, there are two equivalent 
diagrams in the second approximation: 


ad Gad) = 


-———{ (77.5) 
(PAY) (PAP) = 


In (77.4) and (77.5) only internal contractions which correspond to internal 
diagram lines are shown (virtual electrons and photons). The operators still free are 
contracted with external operators, and this establishes a correlation between the 
free ends of the diagrams and certain initial and final particles. Then # (contracting 
with operators 4; or bi a gives the final electron line or the initial positron line, and 
op (contracting with 4; or by) gives the initial electron line or the final positron line. 
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The free operator A (contracting with ¢; or é,) can correspond to either an initial 
or a final photon. Thus we obtain sets of several topologically identical diagrams 
(i.e. diagrams having the same number of lines arranged in the same way), differing 
only by interchanges of initial and final particles between incoming .and outgoing 
free ends. 

Each such interchange is clearly equivalent to a certain interchange of the 
external operators 4, b,... in (77.1). It is therefore evident that, if the initial 
particles or the final particles include identical fermions, diagrams which differ by 
an odd number of interchanges of free ends must have opposite signs. 

An uninterrupted sequence of continuous lines in the diagrams constitutes an 
electron line along which the arrows maintain a constant direction. Such a line may 
have two free ends or form a closed loop. For example, the diagram 


ST RTS Ns ees 
(VAY) (PAL) -<>--- 


has a loop with two vertices. The maintenance of direction along the electron line ts 
the graphical expression of the conservation of charge: the “incoming” charge at 
each vertex 1s equal to the ‘“‘outgoing”’ charge. 

The arrangement of the bispinor indices along the continuous electron line 
corresponds to writing the matrices from left to right in motion contrary to the 
arrows. The bispinor indices of different electron lines can never become confused. 
Along an open line, the sequence of indices terminates at the free ends with 
electron (or positron) wave functions; in a closed loop, the sequence of indices Is 
itself closed, and the loop corresponds to the trace of the product of the matrices 
found on it. This trace must be taken with negative sign, as 1s easily seen. A loop 
with k vertices corresponds to a set of k contractions: 


(LAY) (DAY) 


(or to another which is equivalent, differing only in an interchange of the vertices). 
In the (k — 1)th contraction the operators w and w are together in the order (W to 
the right of &) in which they must appear in the electron propagator. The operators 
at the ends are brought together by an even number of interchanges with other 
w-operators, and are then in the order Ww. 

Since 


(O[T py |0) = — (O|Tyy')0) 


(see the second footnote to §74), the replacement of this contraction by the 
corresponding propagator means a change in the sign of the whole expression. 

In general, the change to the momentum representation is made in an exactly 
similar manner to that in §§73 and 74. As well as the general law of conservation of 
4-momentum, “conservation laws’’ must also be satisfied at each vertex. But all 
these laws may not suffice to determine uniquely the momenta of all the internal 
lines in the diagram. In such cases, there remain integrations over d‘p/(27)* for all 
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the undetermined internal momenta; these integrations extend throughout p-space, 
including po from —= to +, 

In the above discussion it has been assumed that the perturbation is represented 
by the interaction between those particles which are ‘‘actively”’ concerned in the 
reaction (i.e. between particles whose state is altered as a result of the process). A 
similar treatment can be given for the case where there is an external electromag- 
netic field, i.e. a field generated by ‘‘passive”’ particles, whose state is not altered in 
the process. 

Let A(x) be the 4-potential of the external field. It appears in the Lagrangian 
of the interaction together with the photon operator A, as the sum A+ A (which 
is multiplied by the current operator j). Since A“ does not involve any operators, it 
cannot contract with other operators. Thus only external lines in Feynman 
diagrams can correspond to an external field. 

If A“ is expressed as a Fourier integral: 


A(x) = | A‘(q) e'® d*qi(27)’, 
(77.6) 
A‘(q) _ | A(x) eit d‘x, 


the expressions for the matrix elements in the momentum representation will 
contain the 4-vector q together with the 4-momenta of other external lines 
corresponding to real particles. Each such external-field line can be correlated with 
a factor A“(q), and the line is to be regarded as “incoming” (in accordance with 
the sign of the exponent in the factor e-'” which accompanies Aq) in the Fourier 
integral; an “outgoing line’? would be correlated with a factor A‘*(q)). If the 
4-momenta of all the external-field lines are not uniquely defined (for given 
4-momenta of all the real particles) by the law of conservation of 4-momentum, 
then there remain integrations over d‘q/(27)* for all the ‘‘free’’ q and over all the 
other undetermined 4-momenta of the diagram lines. 

If the external field is independent of time, then 


A‘"(q) = 2778(q*)A“(Q), (77.7) 


where A‘(q) is the three-dimensional Fourier component: 
A(q) = | A(r) e7'4' dx, (77.8) 


In this case the external line is correlated with Aq) and assigned a 4- 
momentum q*” = (0, q); the energies of the electron lines which (together with the 
field line) meet at a vertex will be equal by virtue of the conservation law. 
Integration over d’p/(27)’ is necessary for the other “free” three-dimensional 
momenta p of the internal lines. The amplitude M,; thus calculated determines, for 
example, the scattering cross-section by (64.25). 

We may give a list of final rules for the diagram technique whereby an 
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expression may be obtained for the scattering amplitude (or rather for iM,;;) in the 
momentum representation. 

(1) The nth approximation of perturbation theory corresponds to diagrams with 
n vertices,-each of which is the meeting point of one incoming and one outgoing 
electron line (continuous) and one photon line (broken). The amplitude of the 
scattering process involves all the diagrams having free ends (external lines) equal 
in number to the initial and final particles. 

(2) Each incoming continuous external line is associated with the amplitude 
u(p) of an initial electron or u(—p) of a final positron (where p is the 4-momentum 
of the particle). Each outgoing continuous line is associated with the amplitude 
u(p) of a final electron or u(—p) of an initial positron. 

(3) Each vertex is associated with a 4-vector —iey”. 

(4) Each incoming broken external line is associated with the amplitude 
V(4m)e, of an initial photon, and each such outgoing line with the amplitude 
V (4ar)e* of a final photon, where e is the polarization 4-vector. The vector index p 
is the same as the index of the matrix y” at the corresponding vertex, so that the 
scalar product ye or ye* is obtained. 

(5S) Each continuous internal line is associated with a factor iG(p), and each 
broken internal line with a factor —iD,,(p). The tensor indices pw, v are the same as 
the indices of the matrices y", y” at the vertices joined by the broken line. 

(6) The arrows have a constant direction along any continuous sequence of 
electron lines, and the arrangement of the bispinor indices along them corresponds 
to writing the matrices from left to right in motion contrary to the arrows. A closed 
electron loop corresponds to the trace of the product of the matrices found on it. 

(7) At each vertex, the 4-momenta of the lines which meet there satisfy a 
conservation law, i.e. the sum of the momenta of the incoming lines is equal to the 
sum of the momenta of the outgoing lines. The momenta of the free ends are given 
quantities (subject to the general conservation law), with momentum —p assigned 
to the positron line. Integration over d‘p/(27r)* is carried out for the momenta of 
internal lines which remain undetermined after application of the conservation laws 
at every vertex. 

(8) An incoming free end corresponding to an external field is associated with a 
factor A‘(q); the 4-vector q is related to the 4-momenta of the other lines by the 
conservation law at the vertex. If the field is constant, the line is associated with a 
factor A“(q), and integration over d’p/(27)° is carried out for the three-dimen- 
sional momenta of internal lines which remain undetermined. 

(9) An additional factor —1 1s included in iM;, for each closed electron loop in 
the diagram and for each pair of positron external lines if these are the beginning 
and end of a single sequence of continuous lines. If the initial particles or the final 
particles include more than one electron or positron, the diagrams differing by an 
odd number of interchanges of identical particles (i.e. of the corresponding external 
lines) must have opposite signs. 

To clarify the last rule, it may be added that diagrams having the same 
continuous lines, i.e. diagrams which would be identical after removal of all photon 
lines, must always have the same sign. When identical fermions are present, the 
sign of the amplitude as a whole is arbitrary. 
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§78. Crossing invariance 


The representation of the scattering amplitudes M,, by Feynman integrals 
reveals the following noteworthy symmetry property of these amplitudes. 

Any of the incoming external lines in a Feynman diagram may be regarded 
(without changing the.direction of its arrow) as either an initial particle or a final 
antiparticle, and any outgoing line as either a final particle or an initial antiparticle. 
When the change is made from particle to antiparticle, the significance of the 
4-momentum p assigned to the line also changes: p = p, for the electron (say), and 
p =~—p, for the positron. The polarization assigned to the particle is also changed. 
Since an incoming external line must correspond to an amplitude u and an outgoing 
one to u*, we have u =u, for the electron and u = u* for the positron; and the 
change from u to u* signifies a change in the sign of the spin component (or the 
helicity) of the particle. 

For the photon, a strictly neutral particle, this is simply a change from emission 
to absorption or vice versa: an external photon line with momentum k corresponds 
either to the absorption of a photon with momentum k, = k, or to the emission of a 
photon with momentum k, = —k and the opposite helicity. 

This change in the significance of the external lines 1s equivalent to a change 
from one cross-channel of the reaction to others. Hence it follows that the same 
amplitude, as a function of the momenta of the free ends of the diagrams, describes 
every channel of the reaction.t Only the meaning of the arguments of the function 
varies with the channel: the change from particle to antiparticle implies p; — —py, 
where p; is the 4-momentum of the initial particle (in one channel) and py the 
4-momentum of the final particle (in the other channel). This property of the 
scattering amplitude is called crossing symmetry or crossing invariance. 

In terms of the invariant amplitudes defined in §70 as functions of the kinematic 
invariants, we can say that these functions will be the same for all channels, but for 
each channel their arguments will take values in the corresponding physical region. 
Thus the Feynman integrals determine the invariant amplitudes as analytic func- 
tions; their values in the various physical regions are the analytical continuation of 
‘a function specified in one region. Since the integrands in the Feynman integrals 
have singularities, so do the invariant amplitudes, and their singularities can be 
determined from the expressions for the integrals, using the rule of pole avoidance. 
If the invariant amplitudes are calculated for any one channel from the Feynman 
integrals, their analytical continuation to the other channels will necessarily take 
account of these singularities. 

It should be emphasized that crossing invariance goes beyond the properties of 
the scattering matrix which follow from the general requirements of space-time 
symmetry. The latter imply the equality of amplitudes for processes which differ by 
the interchange of initial and final states and the replacement of all particles by 
antiparticles (with the momenta p of all particles unchanged and the signs of their 
angular momentum components reversed). This is the condition of CPT in- 


+ If a particular channel is forbidden by the conservation of 4-momentum, the transition probability 
is necessarily zero because of the delta function which appears as a factor in (64.5). 
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variance.t Crossing invariance, however, allows this transformation not only for all 
the particles at once but also for any one particle. 


§79. Virtual particles 


The internal lines in the Feynman diagrams play a role in invariant perturbation 
theory analogous to that of the intermediate states in the “ordinary” theory, but the 
nature of these states is different in the two theories. In the ordinary theory the 
(three-dimensional) momentum is conserved in the intermediate states, but the 
energy is not, and for this reason they are said to be virtual states. In the invariant 
theory, the momentum and the energy appear on an equal footing: in the inter- 
mediate states, the whole 4-momentum is conserved (this results from the fact that 
the integration in the S-matrix elements is over both coordinates and time, thus 
ensuring the invariance of the theory). But the relation between energy and 
momentum which holds for real particles and is expressed by the equation p* = m’ 
is no longer satisfied in the intermediate states, which are therefore spoken of as 
intermediate virtual particles. The relation between the momentum and energy of a 
virtual particle may be anything required by the conservation of 4-momentum at 
the vertices. 

Let us consider a diagram consisting of two parts I and II, joined by a single 
line. Ignoring the internal structure of these parts, we can represent the diagram in 
the schematic form 


(79.1) 


(the lines shown may be either continuous or broken lines). By the general 
conservation law, the sums of the 4-momenta of the external lines for parts I and II 
are equal. Because of the conservation at each vertex, they are also equal to the 
4-momentum p of the internal line joining parts I and II. Thus this momentum is 
uniquely defined, and there is therefore no integration with respect to it in the 
matrix element. 

The quantity p’? may be either positive or negative, depending on the reaction 
channel. There is always a channel in which p?>0.¢ Then the virtual particle is 
entirely analogous, as regards its formal properties, to a real particle with real mass 
M = Vp’. Its rest frame can be defined, its spin determined, and so on. 

The tensor structure of the photon propagator (76.11) is the same as that of the 
density matrix of an unpolarized particle with spin 1 and non-zero mass: 


Puv = ~3(2y. — PyP./m’) 


t The formal description of the change from one of these reactions to the other by reversing the 
signs of all the 4-momenta in the Feynman diagrams corresponds to the significance of the operation 
CPT as 4-inversion. 

¢ For example, the channel (if it is allowable on energy grounds) in which all the free ends of part I 
correspond to initial particles and those of part II to final particles. Then p =P; (the sum of the 
4-momenta of all the initial particles), and in the centre-of-mass system p =(P/!, 0), so that p* >0. 
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(see (14.15)). For a virtual particle the propagator (a quantity obtained from a 
quadratic combination of the field operators) plays a role analogous to that of the 
density matrix for a real particle. Thus a virtual photon, like a real photon, must be 
assigned spin 1. But, unlike the two independent polarizations of the real photon, 
all three polarizations are possible for the virtual photon, which is a “particle” with 
finite mass. 

The electron propagation function Is 


G«yp+m, 


where m is the mass of the real electron, the ‘‘mass”’ of the virtual particle being 
M =Vp-. Putting 


M+m 
2M 


M - 
yp +m = (yp + M) +557" (yp - M), (79.2) 


we see that the first term corresponds to the density matrix of a particle with mass 
M and spin 3, and the second term to that of a similar ‘‘antiparticle”’; cf. (29.10) and 
(29.17). Since the particle and the antiparticle have different internal parities (827), 
we conclude that the same spin 3 must be assigned to the virtual electron, but that 
no definite parity can be assigned to it. 

A characteristic feature of the diagram (79.1) is that it can be cut into two 
unconnected parts by dividing only one internal line.t This line corresponds, in 
such cases, to a one-particle intermediate state, i.e. a state having only one virtual 
particle. The scattering amplitude corresponding to such a diagram contains the 
characteristic factor (which does not undergo integration) 


| 
p?>—m*+ i0’ 


arising from the internal line p; m is the electron mass for an electron line and zero 
for a photon line. Thus the scattering amplitude has poles at the values of p for 
which the virtual particle would become a physical one (p? = m’). This situation is 
similar to the one in non-relativistic quantum mechanics, where the scattering 
amplitude has poles for energy values corresponding to bound states of the system 
of colliding particles (QM, §128). 

Let us consider the diagram (79.1) for the reaction channel in which all the free 
ends on the right correspond to initial particles, and all those on the left to final 
particles; then p’ >0. Then we can say that, in the intermediate state, all the initial 
particles are converted into one virtual particle. This is possible only if such a 
conversion would not contradict the necessary conservation laws (not including the 
conservation of 4-momentum), namely the conservation of angular momentum, 
charge, charge parity, etc. This is the necessary condition for the occurrence of 
what are called pole diagrams. If these exist for one reaction channel, they exist 
also for the remaining channels, because of crossing invariance. 


+ This property occurs for the diagrams of almost all processes in the first non-vanishing ap- 
proximation. 
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For example, the conservation laws mentioned do not preclude the formation of 
a virtual electron by e+ ye. This corresponds to a pole of the Compton effect 
amplitude (and therefore a pole of the other channel of this reaction, namely 
two-photon annihilation of an electron—positron pair). The formation of a virtual 
photon by e +e*—y corresponds to a pole of the amplitude for the scattering of 
an electron by a positron, and therefore that of an electron by an electron. Two 
photons can give neither a virtual electron nor a virtual photon: the conversion 
y+y-—e is forbidden by the conservation of charge or angular momentum, and 
y+y-—y by that of charge parity. Accordingly, the photon—photon scattering 
amplitude cannot involve pole diagrams. 

The origin of the pole singularities of the scattering amplitudes, which has been 
discussed above on the basis of Feynman integrals, is really more general and is 
not dependent on perturbation theory. We shall show that such singularities arise 
simply as a consequence of the unitarity condition (71.2). 

Let us assume that the intermediate states n which appear in (71.2) include a 
one-particle state. The contribution of this state is 


Vd'p 


_ D#y ore) = (9.7)4 (4D, — p)T,. T* 
(Ty - TH” =i Qa S | 5H - PTR GE 


where p and A are the 4-momentum and helicity of the intermediate particle. The 
integration over d’p is replaced by one over d‘p (in the range po = € > 0): 


d’p >25(p’— M’) d‘p, 
where M is the mass of the intermediate particle. The integration eliminates the 


delta function 5“(P; — p); we then change from the amplitudes Tj, to Mj; by (64.10), 
obtaining 


(My; — M#)°"*?) = 27i8(p?— M2) 5) My,M&. (79.3) 
rn 


Assuming T and P invariance, we have (apart from a phase factor) My = My, 
where the states i’, f' differ from i, f only in the sign of the particle helicities (with 
the same momenta). Taking the sum of equation (79.3) and the corresponding 
equation for M,;- M#;, we have 


im M 9") = — 78(p?— M2)R, (79.4) 
where 


M ji = M;i + M;:, 


R=— > (MjpM*+ M;,.M3,). 
Py 


Hence it follows that M,;, as an analytic function of p? = P?= P?, has a pole at 
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p?= M7. According to (75.18) the pole part is 


RA (one-p) _ R 

Myre = 52 M74 10 (79.5) 
Real transitions to a one-particle state are possible only for one value of P? = Pj, 
namely M?. Thus we in fact obtain the scattering amplitude structure correspond- 
ing to a diagram of the form (79.1). 

Finally, let us consider an important property of diagrams containing closed 
electron loops. This property is easily derived by applying the concept of charge 
parity to a virtual photon: a virtual photon, like a real photon, must be assigned a 
definite (negative) charge parity.t 

If a diagram contains a closed loop (with number of vertices N > 2), the 
amplitude for the process concerned must include not only that diagram but also 
another which differs only in the direction of traversal of the loop (if N = 2, there 
is evidently no distinguishable “direction of traversal’’). If these loops are “cut 
out” along the broken lines which come to them, we obtain two loops, I; and In: 


ny ny (79.6) 


which may be regarded as diagrams determining the amplitude for the process of 
conversion of one set of photons (real or virtual) into another; the number N 1s the 
sum of the numbers of initial and final photons. But the conservation of charge 
parity forbids the conversion of an even number of photons into an odd number. 
When N is odd, therefore, the sum of the expressions corresponding to the loops 
(79.6) must be zero. The total contribution to the scattering amplitude from two 
diagrams containing these loops as constituent parts is consequently zero also, a 
result known as Furry’s theorem (W. H. Furry, 1937). 

Thus, in constructing the amplitude for a given process, we can ignore diagrams 
containing loops with an odd number of vertices. 

This cancellation of diagrams occurs for the following reason. A closed electron 
loop corresponds to an expression (with given momenta k,,k2,...,kn of the 
photon lines) 


[ dtp -triyenGipy(yedG(p + ki). (79.7) 


where p,p + k,,... are the momenta of the electron lines (which are not completely 
determined after the conservation laws have been applied at the vertices). Let the 
operation of charge conjugation be applied to all matrices y” and G, replacing them 


+ This follows from the same arguments as were given at the end of §13 for a real photon, 
concerning the electromagnetic interaction operator acting at each vertex. 
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by Uc'y"Uc and U¢'GUc¢. The expression (79.7) is then unchanged, since the trace 
of a product of matrices is unaffected by such a transformation. According to 
(26.3), 


Ucly*Uc = -¥", (79.8) 
and hence 
: —py+ - 
Ue'G(p)Uc = SXF = G(-p). (79.9) 


But the replacement of G(p) by the transposed matrix with the sign of p changed is 
clearly equivalent to a change in the direction of traversal of the loop, all the 
arrows being reversed. Thus this transformation changes one loop into the other, 
and there is a factor (—1)% from the change (79.8) at each vertex. Hence 


I, = (-1)" Mn, (79.10) 


i.e. the contributions from the two loops are the same when the number of vertices 
is even, but equal and opposite when this number is odd. 


CHAPTER IX 


INTERACTION OF ELECTRONS 


§80. Scattering of an electron in an external field 


ELASTIC scattering of an electron in a constant external field is a simple process 
which occurs even in the first approximation of perturbation theory (the first Born 
approximation). It corresponds to a diagram with one vertex: 


~~ (80.1) 


p p 


where p and p’ are the initial and final 4-momenta of the electron, and q = p’ —-p. 
Since the electron energy is conserved in scattering in a constant field (e = €’), we 
have q = (0,q).t | 

The corresponding scattering amplitude is 


My = —ei(p')[yA@(q)]u(p), (80.2) 


where A‘(q) is the component of the spatial Fourier resolution of the external 
field. The scattering cross-section is, according to (64.26), 


] 
da = lon? |M,il" do’. (80.3) 


For an electrostatic field, A’ = (Af, 0), and hence 


Mj = — eit(p')y°u(p)Ao(q) 


— eu*(p')u(p)A$°(q). (80.4) 


In the non-relativistic case, the bispinor amplitudes u(p) of the plane waves reduce 
to the non-relativistic (two-component) amplitudes. For scattering without change 
of polarization, u’ = u, and u*u = 2m by the normalization condition chosen. Thus 


2 
dels ee u@)| do’, 


+ When there is an external field, such a diagram is, of course, not forbidden by the law of 
conservation of 4-momentum, as the diagram (73.19) with a real photon was: q’, unlike the square of the 
4-momentum of a real photon, need not be zero, and the component with the necessary q is 
automatically taken from the Fourier integral which represents the external field. 
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where U(q) = eAt(q) is the Fourier component of the potential energy of the 
electron in the field; this expression is the same as the familiar Born’s formula 
(QM, (126.4)). 

In the general relativistic case, the cross-section for scattering of unpolarized 
electrons is obtained by averaging |M,i|’ over initial polarizations and summing over 
final polarizations, i.e. by taking the quantity 


; > IMyil’, 


polar. 
where the summation is over the spin directions of the initial and final electrons; 


the factor } changes one of these summations into an averaging. According to the 
rules given in §65, we obtain 


2, |My)’ = 2 tr p'(yA“)p(yA*) 
polar. 
= 3|AS(q)/° tr (m + yp’) y°(m + yp)y°. 


To calculate the trace, we note that y(yp)y°=(yp), where p =(e,—p), and 
therefore 


itr (m+ yp')y(m + yp)y° = 4 tr (m + yp')(m + yp) 
=m’ + p'p 
=e’+m’+p-p’ 


= 2¢?—jq’. 
Hence the cross-section 1s 
do = “IAS (al (I - As) do’ (80.5) 
For a field due to a static distribution of charge with density p(r), we have 
Av(q) = 4p(q)/q’, (80.6) 
where p(q) is the Fourier transform of the distribution p(r) (the form factor). In 


particular, for the Coulomb field of a point charge Ze we have p(q) = Ze. The 
cross-section 1s then 


_ A(Ze*)*e? 7 2 ) 
dor = do! (1 4 (80.7) 


(N. F. Mott, 1929). The quantity q’ = 4p’ sin’ 36, where @ is the scattering angle. The 
angular dependence of the quantity preceding the parenthesis is therefore that of a 
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Rutherford cross-section: 


sin ‘30; (80.8) 


in the non-relativistic limit, e*/p’— 1/m*v*. Thust 
do = dog(1 — v’ sin’ 36). (80.9) 


In the ultra-relativistic case, the angular distribution differs from the non-relativis- 
tic case in that there is much less backward scattering: as 0 7, do/dogy—> m’/e”. 
In the ultra-relativistic case, formula (80.7) gives for small-angle scattering 


2 
ee oe ie (80.10) 


Although this formula has been derived in the Born approximation (i.e. on the 
assumption that Ze? <1), it remains valid (for angles @ < m/e) even if Ze’ ~ 1. This 
can be seen by using the ultra-relativistic wave function w‘> (39.10), which is exact 
as regards Ze’. This solution, which is valid in the range (39.2), of course remains 
valid in the asymptotic range r->-. Here 


a: VF 


E 


F ~1+constant x e'(?7P ~1l—cos#@~@’<l, 


so that the correction term remains small, as it should. The wave function of the 
form e'?’' F, which has the same form as the non-relativistic function (with an obvious 
change of parameters), has the same asymptotic expression, and therefore the 
cross-section is given by the Rutherford formula. 

To calculate the scattering cross-section for electrons with any polarization, we 
could use the density matrix (29.13), following the general procedure. In this case, 
however, the result can be more readily obtained by expressing the bispinor 
amplitudes u(p’) and u(p) in the form (23.9). Multiplication gives 


u*(p')u(p)=w'*{e+m+(e—m)\(n'-a)(n-a)}w, 
or, using (33.5), 


u*(p')u(p) = w'*fw, (80.11) 


+ The difference between do and dor, shown by this formula is specific to particles with spin 3. In 
the scattering of particles with spin 0, if their motion in the electromagnetic field is described by the 
wave equation, the result 1s do = dor. At first sight it might appear puzzling that the factor expressing 
this purely quantum effect does not contain h. However, it must be remembered that the 
condition for the Born approximation to be valid (e7/hv <1) is contrary to the condition for quasi- 
classical motion in a Coulomb field, and therefore formula (80.9) cannot be taken to the classical limit. 
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wheret 
f=A+Bv-a, 
A=(e+m)+(e—m)cos 8, 
; (80.12) 
B = —t(e —m)sin @, 


vy=nXn'/sin 0. 


The two-component quantity (three-dimensional spinor) w is the non-relativistic 
spin wave function of the electron. The change to the partially polarized states is 
therefore made by replacing the products w,w% (where a, B are spinor indices) by 
the non-relativistic two-rowed density matrix pg. Thus we must put 


|My > e7|A$?(q)|’ trp(A- Byv-a)p(A+ Bv-a), 
where 
p=1+o-%), p'=(1t+oa-f), 


and (¢, ¢' are the vectors of the initial polarization and the final polarization selected 
by the detector. The result of calculating the trace is 


de = doo} + (80.13) 


where dap is the scattering cross-section for unpolarized electrons. 

Expressing the quantity in the braces in (80.13) in the form {1+ - f’'}, we find 
the polarization CY’ of the final electron itself, as opposed to the detected 
polarization ¢’ (see §65):t 


yy _ (A? [B/G + 2B) - Ov + 2A Bly x 
¢ A‘+ |B] , (80.14) 


We see that the scattered electrons are polarized only if the incident electrons are 
polarized. This is a general property of the first Born approximation; cf. QM, §140. 
In the non-relativistic case (e > m), (80.14) gives (“ = {, i.e. the electron retains 
its polarization on scattering, a natural consequence of the neglect of spin-orbit 
interaction.. 
In the opposite (ultra-relativistic) case, we have 


A = e(1 +cos 8), B = — ie sin 6, 
in accordance with the general formula (38.2). 


t The definition of f used here differs by a factor from that in §§37 and 38. 
+ Formula (80.14) corresponds to that derived in QM, §140, Problem 1, and is obtained from it by 
taking A real and B imaginary. 
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If the incident electron has a definite helicity (C= 2An, A = +3), (80.14) gives 
after a simple calculation 


CD) = 2rn’. 


Thus ‘the electron remains helical after scattering, with the same value (A) of the 
helicity. 

This property occurs because, as already mentioned in §38, when the mass is 
neglected Dirac’s equation in the spinor representation separates into two iIn- 
dependent equations for the functions € and 7. The result has also a more general 
significance, since the current 


j=(E*E+n*y, E*eE-*o7n), 


and therefore the electromagnetic perturbation operator V = ejA, do not contain 
mixed terms in € and », and thus have no matrix elements for transitions between & 
states and 7» states. Hence it follows that, if an ultra-relativistic electron has a 
definite helicity (i.e. if either 7 or & is non-zero), this helicity is conserved in 
interaction processes in an approximation corresponding to completely neglecting 
the electron mass. 


$81. Scattering of electrons and positrons by an electron 


Let us consider the scattering of an electron by an electron, in which two 
electrons with 4-momenta pj, p2 collide and emerge with 4-momenta p}, p2. The 
conservation of 4-momentum is expressed by 


Pit p2= pit p2. (81.1) 


We shall use the kinematic invariants of §66, defined by 


S = (p, + p2)’ = 2(m? + pip2), 

t = (pi— pi)’ = 2m’ — pipi), 

u = (p,— p3)’ = 2(m’ — pip3), 
s+t+u=4m’. 


(81.2) 


The process in question is represented by the two Feynman diagrams (73.13), 
(73.14), and its amplitude ist 


Loe: sg ee er 
Mii = 4ne’{ 7 (Hzy"U)(Wiy.ui)— 7 (ary CED (81.3) 


+ This form of My is in accordance with the general expression (70.5). In the first non-vanishing 


pi al of perturbation theory, only one of the five invariant amplitudes is non-zero: f(t, u) = 
tre '/t. 
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According to the rules given in 865 for the states of initial and final particles 
described by polarization density matrices p;, pi,..., we make the change 


1 ! v ' I ! v ! 
|Mji|’ > lon°e'| tr (p2y"pry") tr (piyupry) + Fa tr (piy"p2y”) tr (02 ¥up1 YW) — 
l Pa vor I too voy 
revs (pry"poy PryuPiy) — 7 tr (piy"pry pry,piy) ft. (81.4) 


For the scattering of unpolarized electrons (without regard to their polarization 
after scattering), we must put for all the density matrices p=3(yp +m), and 
multiply the result by 2 x 2 =4 (averaging over the polarizations of the two initial 
electrons, and summation over the polarizations of the two final electrons). The 
scattering cross-section is given by formula (64.23), in which, by (64.15a), I’? = 
48(S — 4m’). It may be written 


dor = dt Pw (f(t, u) + a(t, w) + flu, t)+ au, 1} 


1 
f(t, u)= 762 [(yp2+ m)y"(yp2t+ m)y") tr ((ypitm)y,(ypit+ m)y.],~¢ (81.5) 
1 
g(t, u) = “Tom & [((yp2+ m)y"(yp2t+ m)y"(ypi t+ m)y, (yp + m)y,). 


In f(t, u) the traces are first calculated (using (22.9), (22.10)), followed by sum- 
mation over » and v;t in g(t, u) the summation over » and » is taken first, using 
formulae (22.6). The result is 


2 
f(t,u)= ((pip2) + (pipi)’ + 2m*(m? ~ pipi)), 
2 2 
g(t,u)= rr (pip2— 2m*)(pip2), 
or, in terms of the invariants (81.2), 
f(t, u) = Ty Ls? + w2) + 4m%t — m?)], 
(81.6) 


g(t, u) = g(u, t) == Us — mds — 3m?) 


t The following formula is given for future reference: 


itr (ypi t+ m)y“(yp2+ m)y” = g”"(m?— pipr) + pips + pips. 
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§81 
Thus the cross-section 1s 


4am? dt 
eae? 
do re s(s— 4m) 


{ [(s? + u’) + 4m°(t — m’*)] + 
+ Ty (i(s? + 12) + m2 ~ m?)] + + Gs = m?)Gs — 3m?) 


|, (81.7) 


where r, = e?/m. 
In the centre-of-mass system, we have 
u = — 4p’ cos’ 38, | 
: (81.8) 


| 


s=4e*, t= —4p’sin? 36, 
— dt = —2p’dcos 6 = (p’/7) do, 


where |p| and « are the magnitude of the momentum and energy of the electrons, 
which are unchanged in the scattering, and @ is the scattering angle. In the 
non-relativistic case (e ~ m),t we obtain for the cross-section 


4 
_ ,2mm dt (Z I 7 
oii aa al Aa 
= (£3) ( Uae ss I ) a 
\sin?3@  cos*3@ sin’ 36 cos’ 36) ©° 


Ee 
(81.9) 


mv 
(non-relativistic), 


) “a + 3 cos’ @) 
| do 
sin’ @ 


: ( e° 
mv 
where v= 2p/m is the relative velocity of the electrons, in accordance with the 


non-relativistic theory (see QM, §137). In the general case of arbitrary velocities, 
formula (81.7) with the substitution (81.8) can easily be brought to the form 


~(—4 5+ (ze) (1+ g45)] & (81.10) 


27.2 
_ 2m‘(e —- 2 
sa Ap’e 49 sin’ @ 


sin 
(C. Meller, 1932). In the ultra-relativistic case (p* ~ e’), 
2 2 2 
_ 2m‘ (3+cos* 6) : Sek 
do = hee 4 sin? 0 do (ultra-relativistic). (81.11) 


In the laboratory system, where one of the electrons (say electron 2) is at rest 


before the collision, the cross-section can be expressed in terms of the quantity 
(81.12) 


t The velocity v is assumed small (v <1) but such that the condition for perturbation theory to be 


applicable is still satisfied: e’/v (=e7/hv) <1. 
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the energy (in units of m) transferred by the incident electron (electron 1) to 
electron 2.+ The invariants are 


s =2m(m + €)), t= —2m’A, u= —2m(e,—m-—maA). (81.13) 


Substitution of these expressions in (81.7) gives the following formula for the 
energy distribution of the secondary electrons (called 5 electrons) formed in the 
scattering of fast primary electrons: 


see { yall y".. 2y 42721 
sae 1G =1=A) AG ; (81.14) 


where y = €,/m. The quantities mA and m(y — 1 — A) are the kinetic energies of the 
two electrons after the collision; the identity of the two particles is shown here by 
the symmetry of the formula with respect to these quantities. If the term ‘recoil 
electron” is arbitrarily applied to the electron with the smaller energy, A takes 
values from 0 to 4(y — 1). When A is small, formula (81.14) becomes 


2 2 
do = 2are So = OES, A<y-l. (81.15) 
I 


This formula, if expressed in terms of the velocity of the incident electron 
(v, = |p,|/e,), retains the same form in the non-relativistic case. Its form is naturally, 
therefore, the same as that of the result given by the non-relativistic theory (cf. 
QM, (148.17)). 

Let us now consider the scattering of a positron by an electron (H. J. Bhabha, 
1936). This is another cross-channel of the same general reaction as the electron- 
electron scattering. If p_, p, are the initial momenta of the electron and positron, and 
p-,p. their final momenta, the change from one case to the other is made by the 
substitutions 


Pi>—-Pi, Po>p-, Pi>x~P+, P2r>P-. 
The kinematic invariants (81.2) become 
s=(p-—pi), t=(pi—ps)’, w= (p_+ ps)’. (81.16) 


If ee scattering is the s channel, 2e scattering is the u channel of the reaction. The 
Square of the scattering amplitude, expressed in terms of s, t and u, remains as 
before; in the denominator of (81.5), s must be replaced by u. Thus the cross- 
section for scattering of a positron by an electron is, instead of (81.7), 


_ .. 4am?’ dt {3 122g 2 209 — mm? 
a am RY aE 72 las +u°)+4m‘(t — m°)] + 
+4 [3(s? + t?)+ 4m7(u — m’)) +4 Qs — m’)Gs — 3m?) (81.17) - 


+ The kinematic relations for elastic collisions in various frames of reference are given in Fields, 


§13. 
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In the centre-of-mass system, the values of the invariants s, t, u differ from 
(81.8) by the interchange of s and u: 


s= —4p’cos’30, t= —4p’ sin’ 46, u = 4e?, (81.18) 


In the non-relativistic limit, formula (81.17) reduces to Rutherford’s formula: 


e> \* do Bids ad 
do = (<5) <in?20 (non-relativistic), (81.19) 


where v= 2p/m. This comes from the first term in the braces in (81.17), which 
originates from the “‘scattering’’-type diagram (see §73). The contributions from the 
“annihilation” diagram (the second term in (81.17)) and from its interference with 
the scattering diagram (the third term) vanish in the non-relativistic limit. 

In the general case of arbitrary velocities, the contributions of all three terms in 
(81.17) are of the same order of magnitude; the first term predominates only at 
small angles, because of the factor t™? « sin “56. Combining like terms, we can write 
the cross-section for scattering of a positron by an electron (in the centre-of-mass 
system) in the form 


do =d rm, (te oe eee 
6 ee opt sin’}@—op’e? sin’ 36 
4 4 27.2 2 4 
pi ast 8 — ~ “pte tp) cin? 16 + SE; sin‘4o}. (81.20) 


The symmetry with respect to @ and 2-6 which is typical of scattering 
involving identical particles does not, of course, occur when a positron is scattered 
by an electron. In the ultra-relativistic limit, the expression (81.20) differs from the 
electron-electron cross-section only by the factor cos‘ 40: 


doz = cos*3@do.. (ultra-relativistic). (81.21) 


In the laboratory system, where one of the particles (say the electron) is at rest 
before the collision, we again define 


Saag oy (81.22) 


i.e. the energy transferred by the positron to the electron. As in (81.13), we now 
have 


s = —2m(e,-—m-—mA), 


t= —2m’A, u=2m(m + e«,). 
Substitution of these expressions in (81.17) easily gives the following formula for 


t See (83.4) and (83.20) for the passage to the non-relativistic limit in the scattering and annihilation 
terms in the scattering amplitude. The latter term contains a factor 1/c’, and therefore tends to zero. 
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the energy distribution of the secondary electrons: 


_ , dA [y- tht! By’ +6y+4 — 2y l | 
sae ar A yt+1 A (y +1) Gel Gap 


(81.23) 


where y = €./m; A varies from 0 to y — 1. When A < y — 1, (81.23) leads to the same 
formula (81.15) as for electron scattering. 

The polarization effects in the scattering of electrons or positrons are calculated 
by the general rules given in §65. In all but special cases, the resulting formulae are 
lengthy. Here we shall give only some comments.f 

In the approximation considered (the first non-vanishing approximation of 
perturbation theory), the cross-section contains no terms linear in the polarization 
vectors of the initial or final particles. As in the non-relativistic theory (QM, §140), 
such terms are forbidden in consequence of the requirement for the scattering 
matrix to be Hermitian. The scattering cross-section is therefore unchanged if only 
one of the colliding particles is polarized; and unpolarized particles do not become 
polarized as a result of scattering. 

The same conditions prohibit correlation terms in the cross-section which 
contain the products of the polarizations of three of the particles (initial and final) 
concerned in the process. The cross-section does, however, contain double and 
quadruple correlation terms. In the scattering of unlike particles (electron and 
positron, electron and muon), these terms vanish in the non-relativistic limit, since 
there is no spin—orbit interaction. In collisions of like particles, however, there are 
correlation terms even in the non-relativistic case, because of exchange effects. 


PROBLEMS 


PROBLEM 1. Determine the scattering cross-section for polarized electrons in the non-relativistic 
case. 


SOLUTION. In the non-relativistic case, the bispinor amplitudes in the standard representation have 
two components, and the density matrices are the two-rowed matrices (29.20). In the scattering 
amplitude (81.3), the only non-zero terms are those with p = v =0, which contain matrices y° that are 
diagonal (in the standard representation). Instead of (81.4) we have 


>> [Mji|* = 16n%e*- am‘{ (+2) tr(l+o-C)tr(l +o-G)-=tr(1 to-B)l+0-t)| 
= Inet 4m‘ 4| + a2 (I +b-t)], 


the summation being over the polarizations of the final electrons. Hence the scattering cross-section is 


sin’ 6 
do = don —T¥3c0s7 6S . un), 


where @ is the scattering angle in the centre-of-mass system and do» the scattering cross-section (81.9) 
for unpolarized particles. For completely polarized electrons, this formula is the same as the result in 


t For further details see the. paper by W. H. McMaster, Reviews of Modern Physics 33, 8, 1961. 
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QM, §137, Problem, with |C,| = |{2| = 1, 01° =cosa, where a is the angle between the directions of 
polarization of the electrons. 


For the scattering of positrons by electrons, there is no dependence on the polarization in this 
approximation (do = dao); this is easily seen by noticing that, in the non-relativistic limit, different pairs 
of components are non-zero in the electron and positron amplitudes u, and u_p. 


PROBLEM 2. In the non-relativistic case, determine the polarization of scattered electrons in the 
scattering of an unpolarized beam by a polarized target. 


SOLUTION. We can calculate the scattering cross-section for given initial polarization ( and 
detected final polarization (1; only the polarization of one final electron is detected. By the same method 
as in Problem 1, we find 


do = bdo ~Uj- pees 6(1 — cos 2) 


RE he eB 
1+3 cos’ 6 
The polarization vector of the scattered electron is therefore 


2 cos 0(1 — cos @) 
1+3cos°'@ — 


ti = —b 
PROBLEM 3. In the non-relativistic case, determine the probability of spin reversal of a completely 
polarized electron scattered by an unpolarized electron. 
SOLUTION. We similarly find the cross-section for given polarizations ¢: and (i: 


do = ido | +o ej eos 6(1+ cos 2]. 


elie Aba 
1+3 cos’ 6 


Putting (,: Ci = —1, we then find the probability of reversal of the spin direction: 


do __(i~cos 6) 
doo 2(1+3 cos’ 6) 


PROBLEM 4. Determine the ratio of the scattering cross-sections for helical electrons with parallel 
and antiparallel spins, in the ultra-relativistic case. 


SOLUTION. In (81.4) we must put, according to (29.22), 


p= =20P NC —2ary’), p2 = -yp2(1 — 2a2y°), 


pi =2ypi, ph =2yp3, 


where Ai, A2 = +4. The traces are calculated by the formulae given in §22; in particular, 
tr (y°(ya)y"(yb)y”) tr (y(yc) yu. (yd) yy) = 76” agba Keone d") 
= 2(585* — 5°53)a,bic’d 
= 2(ac)(bd) — 2(ad)(bc). 


The result is 


do. stu? 2s’ eet 2s 
ques a falical 
dt x ( t +! +28 )+4auar(E a +e = i425), 


Since the momenta of the colliding electrons (in the centre-of-mass system) are opposite, antiparallel 
spins correspond to like helicities (A: = A2), and parallel spins to unlike helicities (A: = — A2). Substituting s, ¢, 
u from (81.8) (with p = ¢”), we find the required ratio: 


do tt /do tf = (1 + 6 cos? 6 + cos* 6). (1) 


This has its least value, i, when 6 = }r. 
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PROBLEM 5. The same as Problem 4, but for the scattering of positrons by electrons. 


SOLUTION. In this case we have to calculate, instead of (81.4), 
2 24 1 ' re v ' l 1. v ' 
|Myi| > 16ar°e'} 3 tr (p'— y"p — y") tr (ps yup tye) — Fe (pi y"p-y "p+ Yupt ye) +. fs 


the remaining terms are obtained by interchanging p. and p". The density matrices are 


p-=x(yp-1-2A-y°), p+ = 2 yp+ M+ 20+), 
p.= typ", pi = pt, 
where A+, A- = +3 (and for the positron, as for the electron, A+ =} denotes that the spin is parallel to the 
momentum). The result of the caiculation is 
2 


do stu? s?4+P? 2s.) (a s°—t? 2s? 
— « (——y— + —— + — ] - 4A,A-[—7— + 7 - + — }. 
dt ( t u tu non t u S-) 


Hence we find for the ratio of cross-sections the same value as formula (1), Problem 4. 
PROBLEM 6. Determine the cross-section for scattering of muons by electrons. 
SOLUTION. The process is described by the one diagram (73.17). Instead of (81.5) we have 


_ ne‘ dt 
17 Op me) 
_ 4re‘ dt 
~fs—(m + ays —cm — yh (1) 


F(t, u) = <ooate (yD + mY CyDa + wy] te (ye + mya (Pe + my: 


Pe, Py and pz, p, are the initial and final 4-momenta of the electron and the muon, and m, p their masses. 
The invariants are 
S = (Pe + Pu) = m°+ w+ 2pepy; 
t = (pe — ps) = 2m’ — ppd) 
= 2(n" ~ pup i), 
u = (pe— pi) = m+ p?—2pepy, 
s+t+u=2(m’+ py’). 


The result of the calculation is 


f ={(pep.y + (pep i)? + (mm? + w”)t} 


— 
— 


{hs +u’)+(m?+ p’)(2t —m?— p’)}. (2) 


Formulae (1) and (2) give the solution of the problem. In the centre-of-mass system, 


4 
= edo 22 2 2. 2, 42002) 
do = Se. + €,)'p'sin’ 10 [(ece, +p’) + (eee, + p’ cos 8) — 2(m’ + y’)p’ sin’ 26), 
where do = 27 sin 6 d0; &, €, are the energies of the electron and the muon; p’ = e2— m’= e2- pw’. If 
p’<,’, we return to formula (80.9) for scattering by a fixed centre of Coulomb force. In the 
ultra-relativistic case (p’ > 2”), 


ae e‘ 1+cos‘ 46 : 
8p" sin’ 36 
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In the laboratory system (where the electron is at rest before the collision), 


dd/. >A ) 
io mn(£) n(1- ight ia 


rm Eu 


where e, is the energy of the incident muon, and v, = p,/e, is its velocity; mA = e- — m = e, — e, is the 
energy of the recoil electron; and 


ne nome 


m°+ p°+2me, 
is the maximum value of A. 


PROBLEM 7. Determine the ratio of cross-sections for the mutual scattering of helical electrons and 
muons with parallel and with antiparallel spins, in the ultra-relativistic case (ec, > p, & > m). 


SOLUTION.t As in Problem 4, we find 
do tt /do t| = cos‘ 36. 
where @ is the scattering angle in the centre-of-mass system. 


PROBLEM 8. Determine the cross-section for the conversion of an electron pair into a muon pair (V. 
B. Berestetskii and I. Ya. Pomeranchuk, 1955). 


SOLUTION. This is another cross-channel of the reaction to which pe scattering belongs. In this 
channel, 


s = (pe a p,)’, {= (De 7 pe)’, u = (pe a Pu) 


where pe, pe are the 4-momenta of the electron and the positron, and p,, pf, those of the muon and the 
antimuon. The reaction threshold corresponds to an energy 2 of the electron pair (in the 
centre-of-mass system), so that we must have t > 4’. In the laboratory system, where the electron is at 
rest before the collision and the positron has energy e., 


t = 2m(e.+m)=~2me,., 


so that we must have e.>e, where the threshold energy «& = 2m" Im; here and below, all ap- 
proximations allowed by the inequality pp > m are made. 
The differential cross-section is (instead of formulae (1) and (2), Problem 6) 


4me‘ds 
do = (t—4m i 1“ u) 


Ss 
= 4rre“ i (X(s? + u2) + 2p7t — py. 
For given t, De Para, s takes values between the limits determined by the equations su ~ p‘, 


stt+u=2p’, 


west —3V (t(t — 4) <s <p? — te t+ AV (t(t — 4p). 


An elementary integration gives 


4am ym wip? es 
o= FAM (1-H) (i+), = etm; (1) 


in the laboratory system, ¢ = 2mey. This formula is not valid in the immediate neighbourhood of the 
threshold: when ¢.-«, ~ we‘, the muons formed cannot be regarded as free particles; when the 
Coulomb interaction between them is taken into account, the cross-section tends not to zero but to a 
constant value as €+— & (see QM, §147). 

The cross-section (1) has its maximum value when e. = 1.7e,. Its maximum value is about 20 times 
less than the cross-section for two-photon annihilation at the same energy. 


+ Another method of solving this problem is given at the end of §144. 
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§82. Ionization losses of fast particles 


Let us consider a collision between a fast relativistic particle and an atom, 
accompanied by excitation or ionization of the atom. Such inelastic collisions for the 
non-relativistic case have been discussed in QM, §§148~150; here we shall derive 
the relativistic generalization of the formulae obtained in QM (H. A. Bethe, 1933). 

The velocity of the particle incident on the atom is assumed large in comparison 
with those of the atomic electrons; thus we always assume that Za <1, 1.e. that the 
atomic number its fairly small. This condition ensures the applicability of the Born 
approximation to the process under consideration. The solution of the problem 
depends to some extent on whether the fast particle is light (electron or positron) or 
heavy (meson, proton, a-particle, etc.). The second case is the simpler, and will be 
taken here. 

Let p = (e, p) and p' = (e’, p’) be the initial and final momenta of the fast particle 
in the laboratory system, where the atom is at rest before the collision; the 
difference q = p'—p gives the energy and momentum transferred to the atom by 
the particle. The range of possible momentum transfers can be divided into two 
parts: 


(hqim<m, (UDq@/m>I, (82.1) 


where m is the electron mass and | is a mean energy of the atom, its ionization 
potential. The two parts overlap with I <q’?/m <m; this allows an exact joining of 
the results for each part separately. The momentum transfer will be said to be 
respectively small and large in the two parts of the range. | 


SMALL MOMENTUM TRANSFER 


In this range, the atomic electrons may be regarded as non-relativistic in both 
the initial and the final state of the atom. 
The amplitude of the process is 


M$? = e7J ko(—@)J p-p(q)D,.(q), (82.2) 


where Jno is the transition 4-current of the atom from the initial state (0) to the final 
state (n), and J,., is the transition 4-current of the fast particle; these currents here 
replace &’yu, which would occur, for example, in the scattering amplitude of two 
“elementary” particles such as the electron and muon in (73.17); cf. also (139.3). 
The transition currents are taken in the momentum representation (see (43.11)). The 
cross-section of the process in the laboratory system is 


do, = 275(e — &'— wa) |M SP? (82.3) 


d°p' 
2 |p| - 2e'(277)” 
where w,9 = E, — Ep is the transition frequency between the states of the atom. The 


final state may belong to either the discrete or the continuous spectrum, cor- — 
responding to excitation and ionization of the atom respectively. In the law of 
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conservation of energy (represented by the delta function in (82.3)), the recoil 
energy of the atom is neglected; this is certainly permissible for a small momentum 
transfer. 

The photon propagator is here conveniently taken in the gauge (76.14), in which 
only its space components are non-zero: 


___ 4a ~ 49) 
Di(@)= - aI (i 44), (82.4) 
Then only the space components of the transition currents in (82.2) are likewise 
needed. 

The atomic transition current J,o(q) is here the Fourier component of the usual 
non-relativistic expression: 


Inala) = 5 |e (YoVE — YEVU0) da, (82.5) 


where ww and w, are the atomic wave functions; for simplicity, the sign of 
summation over the electrons in the atom will be omitted henceforward, i.e. the 
formulae will be written as if there were only one electron in the atom. Integrating 
by parts in the first term, we can rewrite this expression as a matrix element: 


Tno(q) = 2(ve'"' + €7'* *W) no, (82.6) 


where v = —(i/m)V is the electron velocity operator. 

Since the momentum lost by the scattered particle is relatively small (|q| <|p)), 
the transition current for this particle can be replaced simply by the diagonal 
element 


J,»(0) = 2pz, (82.7) 


corresponding to classical motion in a straight line (cf. (99.5)); a factor z is included 
to take account of a possible difference between the particle charge ze and the 
electron charge e. 

_ Since q is small, so is the angle of deviation 0 of the particle. The longitudinal 
and transverse components of q (relative to p) are 


~q\ > (dp/ dé )wno = Wrgl V, qi ~ lp! 9, (82.8) 


and hence q: p= — Ea no. 
Substitution of (82.4)-(82.8) in (82.2) gives 


r4 
Mp = ~SESE (n 


0). 


—(q ‘ve UF +e"Urq-y)+(p-ve V' +e 'p-vy) 
n0 


In the first term, since 


q: tf +fq- 4 =2if, 
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where f =e7'"'" (see QM, §149), the matrix element of this operator is 2i(f)no = 
2wnofno. In the second term, e ‘*’' can be taken as unity, since q is small. Then 


: 8irze° Shine 
MiP = a ee : Jno — IP * ProWno}- 


The squared modulus is 


2 2\2 
Wee ee {e2((e- nol? + 2(q* Fao)(P * Pao) E@n0 + (Pp Fao)2w2o}; (82.9) 


here, in the second term, we have put e-'"''= 1—iq-r, but this cannot be done in 
the first term, for a reason explained in the next footnote but two. 

The energy lost by the fast particle in its inelastic collisions with atoms? is given 
by 


>} | alee an >> | Wno| MP do’, (82.10) 


where the summation is over all possible final states of the atom, and the 
integration is over the directions of the scattered particle; this quantity will be 
called the effective retardation (x/e is known as the energy loss cross-section). 

The integration in (82.10) can be carried out in two stages, by averaging over the 
azimuth of the direction of p’ relative to p and then integrating over do’ ~ 270 d9, 
where @ is the small scattering angle. The first stage makes the change 


q °* Fao GyXn0 = — (@nolV)Xnos 


where Xno is the matrix element of one of the Cartesian coordinates of the atomic 

electrons.} The integration over dd can be replaced by integration with respect to 
? Py 

q‘, since 


2 2 ng? 
—q= ~ ule +g? ~ — win + SH + pra? = SHOT + pig? (82.11) 


and therefore 29 d9 = d|q’|/p’, M being the mass of the fast particle. The result is 
. 2 2 
K = 42(ze’)? > | {ee Yaoh > ~ wing |Xnol” or 4 =)} olde. (82.12) 
The lower limit of the integration with respect to q? is 


lq7lmin = (M?/p”)w?o. (82.13) 


t These are often called ionization losses, although they are due to excitation as well as ionization of 
atoms. 

t+ It does not matter which coordinate: after the summation over the directions of the angular 
momentum of the atom in the final state, which is implied below, the matrix element does not depend on 
the direction of the x-axis. 
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As the upper limit, we take a value |q’|, such that 


I <|q’|,/m <m, (82.14) 


which thus lies in the overlap of ranges I and II (82.1). 

The integration and summation in (82.12) are carried out in the same way as was 
done for the non-relativistic case in QM, §149. The entire range of integration is 
divided into two parts: (a) from |q’\min to |q7|o and (b) from |q’Io to |q’|,, where |q’Io is 
such that 


IMI |p| < V|q7bo < ma; (82.15) 


the quantity ma on the right is of the order of the momenta of the atomic electrons. In 
part (a) we can put e '9""= 1—iq-r, and the contribution of this part to x 1s 


1q2lo 
4a(ze’) by 52 @nolXnol lal pe W n0|Xnol | a2 d\q | 
: la7trnin ? : 
_ 4n(ze’y 2 | q'lop* _ ; 
ees yp » Wno|Xno| log M @ 50 Vv }- 


In the second term, the integration can be extended to infinity. 
The summation is carried out by means of the formula 


SY wrolXaol? = Z/2m, (82.16) 


where Z is the number of electrons in the atom; see QM, (149.10). The result can 
be written 


2\2 74 nee 
2a Ze) Z tog id bp = o*|, (82.17) 


where I is an average energy of the atom, defined by 


»> Wno|Xnol” log Wno 


log Il =- 
> @nolXnol- 
2m 2 | 
=F 2 WnolXnol log wno. (82.18) 


In part (b), (82.11) shows that |q’| ~ p’9?, i.e. |q’] is independent of the particular 
final state n of the atom, and the limits of integration are also independent of n. 
The summation over n can therefore be taken inside the integral in (82.12). In the 
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first term, the summation is carried out by means of the formula 


SY, (enol? ono = (Z/2m Jaq? (82.19) 


n 


(see QM, (149.5)), and the integral ist 
2nZ(ze’) q’ 1 
—— | lah 
mov me la“lo 


The integral of the second term in (82.12) over this part of the range makes a 
negligible contribution to x. 

Adding the last formula to (82.17), we find as the contribution to «x from the 
whole range of small momentum transfers 


2\2 eh 
EeET log la - »*|. (82.20) 


LARGE MOMENTUM TRANSFER 


Let us now consider collisions with a momentum transfer which is large 
compared with the momentum of the atomic electrons (q’?> mI). Here we can 
evidently neglect the binding of the electrons in the atom, regarding them as free. 
Accordingly, the collision between the fast particle and the atom may be taken as 
an elastic collision with each of the Z atomic electrons. Because of the high speed 
of the particle, the atomic electrons may be assumed to be originally at rest. 

Let mA denote the energy transferred from the fast particle to an atomic 
electron, and let doa, be the cross-section for elastic scattering with this energy 
transfer. The differential effective retardation by the whole atom is then 


dk = ZmAdoy,. (82.21) 


The maximum energy which can be transferred to an electron at rest by the impact 
of a particle with mass M > m is 


_ 2mp’ 2mp’ 
Mm Amax = 7 +M’+2me M , 


+2me 


where e and pare the energy and momentum of the incident particle; see Fields, 
(13.13). We shall also suppose that the energy e, though ultra-relativistic (« > M), is 
nevertheless such that 


e<M?’/m. (82.22) 


t The logarithmic divergence of the integral at the upper limit is the reason why e '*"" cannot be 
expanded in powers of q in the first term in (82.12). 
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Then even the maximum energy transfer 
mAmax~ 2mp"/M*=2mv*y? (y = e/M = 1/V(1- v?) (82.23) 


is small in comparison with the initial kinetic energy of the incident particle 
(mAmax < € ~- M). Correspondingly, the momentum transfer q 1s always small in 
comparison with the initial momentum p of the particle. This enables us to regard 
the motion of the particle as being unaltered by the collision, i.e. the particle itself 
as having infinite mass. Then the scattering. cross-section is found by simply 
transforming the cross-section (80.7) for electron scattering by a fixed centre to the 
laboratory system, in which the electron is initially at rest. This is easily done by 
noting that, in the approximation used, 


— q?=q’ = 4p’ sin’ 39, do' = md|q’|/p’, 
and the relative velocity is v in both systems. Formula (80.7) becomes 
An(ze’y’ ( \q’| ) tq 
da =——>=— |1- : 
v 4m*y*/ |q°| 


The energy transfer A is expressed in terms of the same invariant q?:— q?=2m7A, 
and thereforet 


_ 2an(ze*y’ (1 ae A dA 


doy oe Ae (82.24) 


The contribution to the effective retardation from this range of momentum 
transfers is found by integrating (82.21) from the limit |q’|, defined above. to 
lq?|max = 2M*Amax- The result is 

2\2 2 
sate = (10g Sa — v?) (82.25) 


Finally, adding the contributions (82.20) and (82.25), we have for the total 
ionization losses by the fast heavy particle (in ordinary units) 


7 SnZ(z0) ( 2mv? iv? 
c= ORT peR ~ ot) no 
In the non-relativistic case, this reduces to QM, (150.10): 
_4nZ(ze’*?, — 2mv? 
Se log Tt” (82.27) 


t In this expression, of course, no account is taken of the specific effects of strong interactions when 
the heavy particle is a hadron. Such effects (corresponding to the hadron form factor) are, however, 
important only when |q’| « 1/M’, and such momentum transfers are excluded by the condition (82.22). 
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and in the ultra-relativistic case 


= t2ZGeY 2mc> | 
Ss ee lo8 TT — wc) 1 }. (82.28) 


The retardation depends only on the velocity of the fast particle, and not on its 
mass. The decrease of the retardation with increasing velocity (82.27) changes to a 
slow (logarithmic) increase in the ultra-relativistic range. 


PROBLEMS 


PROBLEM |. Determine the effective retardation of a relativistic electron. 


SOLUTION. The contribution of the range of small momentum transfers is again given by (82.20). 
For large momentum transfers, (82.24) must be replaced by (81.14), which includes exchange effects. 
Integrating A - dos over dA from |q’|:/2m? to 3(y — 1) and adding to (82.20), we get 


_ 2nZe‘ m(y?-I(y-Nc* (2 1 1 (y-1) 
« = EE [log @ he (< 71) tog 2 ++ > |, (1) 


where 
y =(1-v {e272 


In the non-relativistic case, we get the formula given in QM, §149, Problem, and in the ultra-relativistic 
case (y > 1) 


4 2.4.3 
_ = ome (1 moc'y i) (2) 


mc: °8 20° +3 


PROBLEM 2. The same as Problem 1, but for a positron. 


SOLUTION. For doa in the range of large momentum transfers, the expression (81.23) must be used, 
the upper limit for A being y — 1. In the ultra-relativistic case, the result is 


= 222 (lo mer _B) 
ee me? g iy 12) 


§83. Breit’s equation 


In classical electrodynamics, a system of interacting particles can be described 
by means of a Lagrangian function depending only on the coordinates and 
velocities of the particles, and correct as far as terms ~1/c? (Fields, §65). This is 
because radiation appears only as an effect of order 1/c’. 

In the quantum theory, this corresponds to the possibility of describing the 
system by Schrédinger’s equation including second-order terms. For an electron 
moving in an external electromagnetic field such an equation has been derived in 
§33. We shall now derive a similar equation describing a system of interacting 
particles. 

We start from the relativistic expression for the scattering amplitude for two 
particles. In the non-relativistic approximation, this becomes the usual Born 
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amplitude, proportional to the Fourier component of the potential of electrostatic 
interaction of two charges. By calculating the amplitude as far as second-order 
terms, we can establish the form of the corresponding potential, taking account of 
terms ~1/c’. 

Let us first assume that the two particles are different, with masses m, and m, (say 
an electron and muon): Then the scattering process is represented by a single diagram, 


The corresponding amplitude is 


My = e°(iiiy"U,)D,.(q)(ay U2), | (83.1) 


GQ =Pi-Pi=P2- P2; 


here it is assumed that the charges have the same sign. If the signs are different, e’ 
becomes —e’. 

The subsequent calculations are considerably simplified if the photon pro- 
pagator D,, is chosen not in the ordinary gauge but in the Coulomb gauge (76.12), 
(76.13):t 


_ _4n = a 4n - 44) 
Du= -"F.  Du=0, Da = a= Het mip (Se EP). (83.2) 


Then the scattering amplitude is 
My = e7{(i yous) (iy? U2) Doo + (i y'uy)(aiy*uU2) Di}. (83.3) 


If all terms in 1/c are neglected, the second term in the braces vanishes, and the 
first term gives 


Mj = — 2m, - 2m2(w”™* w)(w9* Ww) U (q), (83.4) 
where 
U (q) = 47e7/q’, (83.5) 


and wj°, w§”,... denote the spinor (two-component) amplitudes of the non-rela- 
tivistic plane waves, as defined in §23. The function U(q) is the Fourier component 
of the Coulomb interaction potential energy, U(r) = e?/r. 

In the next approximation (with respect to 1/c), the “‘Schrédinger’’ wave 
function of the free particle $s,, (normalized by the integral f |scn|’ d°x) satisfies 


t In this section, factors of c will be written in all forrnulae, and factors of f in the final formulae. | 
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the equation 


7 (0 2 
H' Pseh ae (e — mec Ydbschs 


z ~¥ + (83.6) 
ee eee 


which includes the next term in the expansion of the relativistic expression for the 
kinetic energy. The (spinor) amplitude of this, plane wave will be denoted by w, 
which tends to w™ as 1/c +0. The required scattering amplitude must be expressed 
in terms of these amplitudes, in order to determine from its form the ‘“‘Schrodinger”’ 
interaction potential of the particles in the approximation considered. 

In accordance with formula (33.11), the bispinor amplitude u of the free particle 
can be expressed in terms of the ‘‘Schrodinger’’ amplitude w, with sufficient 
accuracy, by 


2 (1 — p*/8m’c’)w 
u = V(2m) ( et Nees ) (83.7) 


This formula gives 


rae 2 ] 
= 2mi(I = P| witw, + mc: wiX(o: Pil(o- pi)wy 
? : 
io: q x Pi 
+ amie ie 
Hiyuy, = uy*au, 
=(1/c)wi*{a(o - pi) +(o- pia}w, 
= (1/c)wi*{io X q+ 2p, + q}w,, 
where q = p}-— pi = p2— ps. The corresponding expressions for (@}y°u2) and (aiyu2) 
differ in that the suffix | is replaced by 2 and q by —q. 
We now substitute these expressions in (83.3). Since the product (a@\yu))(@,yuU2) 


already contains the factor I/c’, the term w’/c’ in the denominator of Dj may be 
neglected. The scattering amplitude is then 


My = —2m, - 2m2(wi*w3* U (py, po, q)w1 W2), (83.8) 
where 
ee) ee ee (q- pi(q: p2) | 
U (ps, pr, q) = 4 fF Tae To 


_ pit pr + HOLA pi 501 gs _ feo AP 


mimq mic’g 1m2C°q 4mic’q 


io2°qX pi (oi: qi(o2°q) Gi" G2 |, 
‘a mae ane — 


m\m2c"q 4m,mc*q 
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the suffixes 1! and 2 to the Pauli matrices indicate the spinor indices on which they 
act, o, acting on w, and a2 on w2. 

The function U(p,, p2,q) is the particle interaction operator in the momentum 
representation. It is then related to the operator U (py, p2,r) in the coordinate 
representation by 


[ entero OO (fy, p2; r) e@ (Py Fi +P2° F2) ax; d°x, 


= (27r)’8(p: + po — pi — ps)U (pi, po, q). (83.10) 


If the operator U is simply a function U(r)(r=r,—r2), then U(p,, p2,q) is 
independent of p; and p2, and formula (83.10) reduces to the usual definition of the 
Fourier component: 


[e*'u@ d’x = U(q). 
Hence it is clear that, to find U (pi, p2,r), we must calculate the integral 
|e" Uc. pg) Palny, 


and then replace p, and p2 by the operators p; = —iV), p2 = —iV2, writing these to the 
right of all the other factors. 
The required integrals are found by differentiation of the formula 


aq r4t dq 1 
tq: Fr = 


._-47q dq cae Oe! 
| Qn): iV igre (83.12) 


Next, with a and b constant vectors, we have 
4m(a-q)(b-q) ig-e = i( 2){ we 2) 1d 
= e ay atla ar e b aq 


7) q (277) , 


the resulting integral, after integration by parts, reduces to (83.12), so that 


jens q)(b « D iar d*q 5-45 = Hav)? 


(27) 


1 e ° 
Z ac , p— S-npn)] (83.13) 
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Finally, 
e e : : 
{zs = et 4, = (a I) V) I, 


In expanding the derivatives, it must be remembered that these expressions include 
the delta function 6(r). To separate this, we note that, after averaging over the 
directions of r, 


— (a+ V(b + V)4 = —a- bd + = 47 (a b)B(H). 


Now expanding the derivatives in the usual manner, we find 


e e : 3 ; : 
[Sza-Qd-a) ore da, = {a p- 32-0) 4 AT a Doin); (83.14) 


r 


On averaging over the directions of r, the first term vanishes and only the 
delta-function term remains. 

Using these formulae, we obtain the following final expression for the particle 
interaction operator: 


ie oe ee ome*h’? / 1 1 
U (Br, Bas) = S- (<9 + oa) Btn) 
e? . . .re(rs py)pr e*h 
- SacmagcTe [Bt Bat SE POPE | — eax bio + 
+ eh oe ee e*h (PX pioj= rk po eS 
amie  amimer ead P2° Oo 
en (o1:a. (a, r\(o.°r) 87 
+l so 3S) a+ 02(N)}. (83.15) 


The total Hamiltonian of the two-particle system in this approximation is 
H = 8A+4H9+0, (83.16) 


where H is the free-particle Hamiltonian (83.6). 


Two ELECTRONS 


If the two particles are identical (two electrons), then the scattering amplitude 
includes a second term which is represented by the ““exchange”’ diagram 
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There is, however, no need to calculate the contribution of this term to the 
interaction operator. The reason is that the description of a system of identical 
particles by means of Schrédinger’s equation can be achieved with an interaction 
operator similar to that for non-identical particles, if the solutions of the equation 
are appropriately symmetrized. In particular, for particle scattering this sym- 
metrization will automatically take account of the contributions to the amplitude 
which correspond to the two Feynman diagrams. 

Thus the Hamiltonian of the two-electron system is obtained from formulae 
(83.15), (83.16) by simply putting m, = m2:t 


a ae ree I pete & Bide, wa 
H = sm (bit B2) — g 302 (Bi + B2) + U (pi, p2, vr), 


A 4 2 h 2 2 : . ; jai 
U(p:, p2, y= o-0(Z) B(r) — Sor (Br be +7 = BoP?) 4 


mocr 
e*h : : 
+ Zora 3 {—(o1 + 202) +r x pi + (@2 + 201) FX po} + 
2 e e e 
+(=) (= 2 _ 31 rMer' 4) _ 52 o1° 0; a(n}. (83.17) 


The presence of terms in 8(r) does not, of course, imply that there is a particularly 
strong interaction. The value of all the correction terms after integration is of the 
same order, and according to the sense of the expansion used they are all to be 
regarded as small compared with the first term (the Coulomb interaction). | 
The different groups of terms in the interaction operator (83.17) are of different 
types. The first three terms have a purely orbital origin. The next term is linear in the 
spin operators of the particles, and corresponds to the spin-orbit interaction. The last 
term, which is quadratic in the spin operators, describes the spin-spin interaction.+ 


ELECTRON AND POSITRON 


The electron—positron system needs special consideration. The scattering am- 
plitude in this case consists of two terms: 


My = —e7(a(p_)y"u(p-)]D,,(p- — p)La(-ps)y"u(—p+)] + 
+ e*{ii(—p+)y"u(p-)]D,.(p- + p+)La(p!)y’u(—p)); (83.18) 


the first term corresponds to the scattering diagram and the second to the anni- 
hilation diagram. Since the wave function of the “electron + positron” system need 


+ The wave equation with the Hamiltonian (83.17) was first derived by G. Breit (1929); a consistent 
quantum-mechanical derivation was given by L. D. Landau (1932). 

+ This interaction has been mentioned in GM; §72, in connection with the fine structure of the 
atomic levels, and the spin-spin interaction between the electrons and the nucleus is considered in QM, 
§121, in connection with the hyperfine structure of levels. In particular, the formula QM (121.9) 
corresponds to the delta-function term in the spin-spin interaction operator. 
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not be antisymmetric, the two terms make independent contributions to the 
interaction operator. 

The first term (which has the same structure as the amplitude (83.1)) leads, of 
course, to an operator differing only in sign from (83.17). Let us now consider the 
transformation of the second term. 

Here we use the photon propagator in the ordinary gauge: 


40 4 
Daw "RE Baw ot — i Baer 


In the present case k = p,+p-, and since the particles are “almost non-relativis- 
tic’, we have 


w/c? =(e.+ e-)/c? =4m’*c’>(p.+p_y=k’. (83.19) 
For the photon propagator it is therefore sufficient to write 
D,, ~ (a/m’c’)g,,. 


This already contains a factor 1/c’. It is therefore sufficient to take the amplitudes 
u(p) in the zero-order approximation: 


u(p-)=Vem)(">), — u(-p.) = Vem) (,°), 


where w®, w® are the three-dimensional spinors which appear in (23.12); the index 
(0) will henceforward be omitted. With these amplitudes we have 
ii(—p+)y°u(p_) = u*(—p)u(p-) = 0, 
i(—p+)yu(p_-) = u*(—p.)au(p_-) = 2m(w*ow-). 


On substitution of these expressions, the ‘‘annihilation” term in the scattering 
amplitude becomes 


Mgr") = —e@? ar (2m)(w*ow-_)(w!*ow’). (83.20) 


It is not yet possible, however, to draw from this any immediate conclusions as to 
the form of the interaction operator. Firstly, the spinors w in terms of which the 
amplitudes u(—p,) are expressed are not yet literally positron spinors. The positron 
amplitudes are got from u(—p.) by charge conjugation, and according to (26.6) the 
corresponding spinors (which we denote by w,) are related to w by w,=oa,w*, 
whence 


w* = oyW. = —W.0), w =—oy,w, (83.21) 


Secondly, the scattering amplitude must be brought to a form in which the 
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electron spinors (w_ and w/) are contracted, and likewise the positron spinors (w, 
and w.). This is achieved by means of the formula 


(w*ow_)(w*ow’') = 3(wl*w_)(w*w’) —3(w!*ow_)(wtow), (83.22) 


which follows from (28.17) 
Finally, expressing w and w’ in terms of w, and wi by (83.21), we easily find 


en ee Pe 
(w*w') = (wi*w,), (83.23) 


(w*ow’') = —-(wi*ow,). 


Substituting (83.23) in (83.22) and then in (83.20), we obtain the final expression 
for the annihilation part of the scattering amplitude: 


2 
M = — 4m? (ww:* pas 3+o0,° o)| w-ws), 


the matrices o- and a, acting on w_ and w, respectively. The expression in the 
square brackets 1s the interaction operator in the momentum representation. The 
corresponding coordinate operator is 


“, (ann) = th’e* = 
ue"(r) = Ailes (3+0.°o_) d(r), r=r_—-r, (83.24) 


(J. Pirenne, 1947; V. B. Berestetskii and L. D. Landau, 1949). The total electron- 
positron interaction operator is -U + U®?"", with U given by (83.17). 


§84. Positronium 


The results obtained in §83 can be applied to positronium, a hydrogen-like 
system consisting of an electron and a positron. 

In the centre-of-mass system, the electron and positron momentum operators in 
positronium are p- = —p, =p, where p = —ihV is the operator of the momentum of 
relative motion corresponding to the relative position vector r=r_-—r,. The total 
Hamiltonian for positronium ist 


a 


a2 2 
A=P-—4+V,4+V.4 Vs, 


74 2 e e 7 - 
Vi= -7Pxo + 4758(r) — ior |e + armel 


mc r 
(84.1) 
V, = 68 r I S, 
V5 = 63 {SNS ~Y _ 36°} + ary iGS? 2) 300), 


t [n ordinary units. 
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Here po = ehi2me 1 is the Bohr magneton, hl = r x p is the orbital angular momentum 
oe. S = (o.+ @_) the total spin operator of the system, whose square 
=43+o¢,-0_). V; includes all the purely orbital correction terms, V2 the spin-— 
es interaction, and V; the spin-spin and ‘annihilation’ interactions. 
The ‘‘unperturbed”’ Hamiltonian 


H =p'/m-e?/r 


naturally differs from the Hamiltonian of the hydrogen atom only in that the 
electron mass is replaced by the reduced mass 3m. The energy levels of positronium 
therefore have absolute values which are half those of hydrogen: 


E =—-—me‘/4h'n’, (84.2) 


where n is the principal quantum number. 

The remaining terms in (84.1) cause a splitting of the levels (84.2), i.e. the 
appearance of a fine structure. The resulting levels are classified primarily by the 
values of the total angular momentum j. We also see that the particle spin operators 
appear in the Hamiltonian (84.1) only through the sum S. This means that the 
Hamiltonian commutes with the squared total spin operator S?, i.e. the value of the 
total spin continues to be conserved in the approximation considered (the second 
approximation with respect to I/c). The energy levels of positronium can therefore 
be classified by the total spin, which takes values S = 0 and S = 1. The levels with 
spin 0 are called parapositronium levels, and those with spin | orthopositronium 
levels. 

It must be emphasized that the conservation of the total spin in positronium is 
actually exact, and does not depend on any particular approximation with respect 
to 1/c; it follows from the CP invariance of electromagnetic interactions. Posi- 
tronium is a strictly neutral system, and its states therefore have definite charge 
parity and combined parity. The latter is equal to (— 1)5*' (see §27, Problem); since S 
can take only two values, 0 and 1, the conservation of combined parity is equivalent to 
that of total spin. 

When S = 0 the total angular momentum j is equal to the orbital angular 
momentum, but when S = 1 and j is given, the number | can take the values j, j + 1, 
so that in general each level (n, j) of orthopositronium is split into three. Since the 
values | =j and |! =j +1 correspond to opposite parities, the Hamiltonian has no © 
matrix elements between these states. But the perturbation operator (the first term _ 
in V3) in general has non-diagonal elements between states with |=j+1 and 
| =j—1; the number | then, of course, no longer has the strict significance of an 
orbital angular momentum. 

The Zeeman effect in positronium has some unusual features (V. B. Berestetskii 
and I. Ya. Pomerachuk, 1949). 

The orbital magnetic moment of positronium is always zero: since in posi- 
tronium r, X ps =r-_ X p-, we have the operator 


fi = po(rs X ps —r- X p-) =0 
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The spin magnetic moment operator is 
Bs = uolo.—o ); (84.3) 


it is not proportional to the total spin operator S = }(0, + @_), and the operators S” 
and ’ do not commute. The states with definite values of the total spin S and its 
component S, are therefore not, in general, eigenstates for the magnetic moment. 

States with given S kand S, are described by spin functions yss, having the form 


Xu = a+Q@_, 1-1 = B+B-, 
| 
X10 = 775 (a+B- + a-B.), (84.4) 


pice a oleneace: 


where a and ® are the spin functions of one particle corresponding to spin 
projections +4 and —3; the suffixes + and — indicate that the function belongs to 
the positron and the electron respectively. The first two spin functions, x, and 
X11, are also eigenfunctions of the operator y,, corresponding to the eigenvalue 
zero. The functions x19 and yoo are not eigenfunctions of y,, but the following 
combinations are eigenfunctions: 


a (X10 + X00) = a+B-, a (X10 — Xoo) = a_B. (84.5) 


It is easy to see that the only non-zero matrix elements (S’S‘|u,|SS,) calculated 
from the functions (84.4) are 


(00/12, |10) = (10/2, |00) = 2pLo. (84.6) 


In weak magnetic fields (when poH <A, where A is the difference between the 
level energies with S = 0 and S = 1) the initial approximation for the calculation of 
the Zeeman splitting is formed by states with definite values of the total spin. In the 
first approximation, this splitting is given by the mean value of the perturbation 
energy operator 


Vy = —f,H. 


But all the diagonal matrix elements of the operator j,, and therefore Vy, as 
calculated from the functions (84.4), are zero. Thus, in weak fields, there is no 
linear Zeeman effect in positronium. 

In the opposite limiting case of strong fields (uoH > A), we can neglect the spin 
interaction which brings about definite values of S. The components of the split 
level will then correspond to states with definite values of uw, = +2, (described by 
the functions (84.5)), and the displacement of these components will be +2joH. 
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PROBLEMS 


PROBLEM 1. Determine the fine structure of the levels of parapositronium (V. B. Berestetskii, 
1949). t 


SOLUTION. The required level splitting energy is given by the mean values of the correction terms 
in the Hamiltonian (84.1), calculated by means of the wave functions of the unperturbed states with 
different values of j = 1 (=0,1,...,n—1). When S =0, the only non-zero contributions come from V\ 
and the second term in V3. 

The unperturbed wave functions, which we denote by y, satisfy Schrédinger’s equationt 


pu =-Au=(E+-)u, E =-1/4n’. 
Hence 
ptv=6'(E+!) y= (E+) y-vatsr2(v4)-cww 
= (E+!) y+ 4nsy +3 


The mean value its 


= (E +t)s aniecor+ J | ai dr do. 


The integral is equal to —f |W(0)|’ do; since W(0) = 0 except when | =0, and the wave functions of S 
states are spherically symmetric, the integral is —47|y(0)) and cancels with the second term. 
Using the orbital angular momentum operator | = r x p, we can write 


The other required mean value is therefore 
lo 
[ ut 5 ppya’s = - [uets 24 ps 


2 : (E + *) ~ AnlpO?- (+ Dr; 


if | = 0, the last. term does not appear. 
According to the familiar formulae in the theory of the hydrogen atom (QM (36.14), (36.16)), with the 
electron mass m replaced by 4m, we have 


Z — 1 a) 1 
|w(0)/? Bani Oo Hae UP 2n°(2I + 1)’ 
as 1 


= Geld+ pDoale+nh “*%. 


From these formulae, we find the required energy levels of parapositronium: 


4 
2 me 


betes I (a34-ay) 
4n? Won? \214+1  32n) 


+ The fine structure of orthopositronium has been discussed by A. A. Sokolov and V. N. Tsytovich, 
Zhurnal éksperimental’noi i teoreticheskot fiziki 24, 253, 1953. 
+ In the calculation it is convenient to use atomic units. 
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PROBLEM 2. Determine the difference between the energies of the ground states (n = 1,1 =0) of 
orthopositronium and parapositronium. 


SOLUTION. The dependence of the energy on the total spin S when | = 0 arises only from the mean 
value of the second term in V3; the first term gives zero on averaging over angles in the spherically 
symmetric S state.t The ground level of orthopositronium (’S;) lies above that of parapositronium ('So) 
by an amount 


E(?S\) — E( 's0) = a ME = 8.2x 1074 eV. 


§85. The interaction of atoms at large distances 


Attractive forces act between two neutral atoms at a distance r apart which is 
large compared with the dimensions of the atoms themselves. The usual quantum- 
mechanical calculation of these forces (see QM, §89) is, however, inapplicable at 
very large distances, because this calculation considered only the electrostatic 
interaction, 1.e. retardation effects are ignored. Such a treatment is valid only if the 
distance r is small in comparison with the characteristic wavelengths Ao of the 
interacting atoms. In this section we shall give a calculation not subject to that 
limitation. 

The procedure is much the same as in §83: the amplitude of elastic scattering 
(i.e. scattering without change of internal state) for two different atoms is cal- 
culated in the first non-vanishing approximation. The resulting expression is com- 
pared with the amplitude which would result if the interaction between the atoms 
were described by the potential energy U(r). 

In the latter case, the first non-vanishing S-matrix element describing the 
process in question would be the first-approximation element 


See) WiC) WEA(RD)U (dil Wale) 2x, d?x2 x 


x | exp{—i(e,; + e2— €} — €3)t} dt. (85.1) 


Here yw, Wz and Wj, 2 are the time-independent parts of the wave functions (plane 
waves), describing the translational motion of the two atoms with initial and final 
momenta; €, €2 and €}, €} are the kinetic energies of this motion; the coordinates r, 
and r, of the atoms as a whole can be regarded as the coordinates of their 
nuclei, and the distance r = |r, — r.|. The time integral in (85.1) gives, as usual, the delta 
function which expresses the law of conservation of energy. For convenience in the 
subsequent comparison, however, it is better to consider formally the limiting case of 
atoms of infinite mass; for given momenta, this limit corresponds to zero energies e. Or 
we can say that the times considered are small in comparison with the periods 1/e. 


+ The averaging over angles must precede the integration over r, as is evident from the manner of 
calculation of the integral (83.14) which leads to the first term in V3. 
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Then (85.1) becomes 


Sy =~ it {| wy tU (die dx: Bx, (85.2) 


where t is the time integration range. 

The actual calculation of the elastic-scattering amplitude, under these assump- 
tions, can be divided into two stages. We first average the S-operator over the 
wave functions of the unchanged (ground) states of the two atoms (for given 
coordinates r,; and r, of their nuclei) and over the photon vacuum: no photons are 
present at the beginning and end of the process. We then obtain a quantity which is 
a function of the distance between the nuclei, and which we denote by (S(r)).f In 
order to find the required transition matrix element, we have then to calculate the 
integral 


Si= | [ vitveSOne @xid’x. (85.3) 


Comparison with (85.2) shows that, if (S(r)) is obtained in the form (S(r))= 
—itU(r), then the function U(r) is the required energy of interaction of the atoms. 

Since we are here concerned with a collision not of elementary particles but of 
more complicated systems, namely atoms, which may be excited in the inter- 
mediate states, the usual formal rules of the diagram technique are not directly 
applicable, and we shall begin from the expression of the S-operator as the 
expansion (72.10). 

In the interaction of atoms, the important field components are those whose 
frequencies are of the order of atomic frequencies or less. The corresponding 
wavelengths are large compared with atomic dimensions. The electromagnetic 
interaction operator can therefore be taken in the form 


V =—-E(r,)« d; — E(t) > do, (85.4) 


where dj, d2 are the dipole moment operators of the atoms (i.e. the time-dependent 
or Heisenberg operators) and E(r) is the electric field operator at the positions of 
the corresponding atoms. 

The mean values of the dipole moment of the atom in its stationary states are 
zero (QM, §75). Hence it follows that a non-zero amplitude occurs only in the 
fourth approximation of perturbation theory, 1.e. as the matrix element of the 
operator 


go =D | dt,... i dts. T{V(t,) V(t2) V(ts) V(ta)}: (85.5) 


in lower orders, every term in the product of operators V will contain at least one 
of the operators d; and d; in the first degree, and on averaging over the state of the 
corresponding atom the result is zero. 


t In place of the more lengthy notation for a diagonal matrix element, indicating the states of the 
atom and of the photon field. 
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Let us now average the operator (85.5) over the photon vacuum. According to 
Wick’s theorem, the expectation value of the product of four field operators E is 
the sum of products of pairwise expectation values (contractions). The division into 
pairs can be made in three ways, which may be represented by the diagrams 


1 2 1 2 1 2 
See Q 9 9 9 
\ ae | | 

<7 | | 

Pe | | (85.6) 

ye ~ 

Bacal as oS . d b 
3 4 3 4 3 4 


where the broken lines represent contractions and the numbers correspond to the 
arguments f, ft, t3, tz. Moreover, spatial coordinates r; or r,2 may correspond to 
each point, with two points having r, and two r2, since otherwise, in the relevant 
term of the sum, one of the operators d, and d) will appear in the first degree, giving 
zero on averaging with respect to the state of the atom. It is clear that there must 
be one r,; and one r2 at the ends of each line, since otherwise the diagram (i.e. the 
corresponding term in the matrix element) will reduce to a product of independent 
functions of r,; and of r2 instead of being a function of the difference r,;—r,; such 
terms do not pertain to scattering.t In accordance with these conditions, the 
arguments r, and r; can be assigned to the four points in the diagram in four ways. 
Using also the commutativity of the operators d,; and d, and averaging over the 
states of each atom, we find that all the 3 x 4 = 12 terms thus obtained are equal, 
differing only in the naming of the variables of integration. The result is 


(S(r)) =} i dt,... | dt. (T(Ei(r1, t;)Ex (ra, t2))) X 
x (T(Ej(rp, t3) Em (tis ta) (T(dii(t1)dim(ts))(T(dox(ts)doi(ts))), (85.7) 


where i, k, |, m are three-dimensional vector indices. 
To calculate the quantities 


Dik(x1 — X2) = (T(E;(%1) Ex(x2))) (85.8) 


we use the gauge in which the scalar potential ® =0. Then E= — dA/at, and we 
have 


Dij(x, — X2) = 


wan VAu(x2))) 


230° 
Stag D(x), 


where x = xX, — x2 and D,(x) is the photon propagator in this gauge.t 


+ They give corrections, of no interest here, to the energy eigenvalues of each atom. 

t The first derivative dDx(t)/dt has a finite discontinuity at tf =0. The second derivative, i.e. the 
function D‘x(t), therefore includes a delta-function term ~ 8 (x:— x;). This term, however, is zero for 
all r; # r2 and is of no interest here. 
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We shall find it more convenient to use the propagator D(w,r) in the mixed 
w—r representation, related to D,(t, r) by 
Da(tsr) = [ Da(o,r) e™ do/2a, 
with 


D&i(t,r) =—-i i wD, (w, r) e-'' da/27. (85.9) 


The quantities 
Gig (ty — to) = UT (di(t:)di (t2))) (85.10) 


can be expressed as a Fourier integral 


co 


aun (t) = | e ax (w) dw/27. 


—-@ 


Putting for convenience t, = 0, t; = t, and using the definition of the T product, we 
can write 


ic.2) 


ai (w) = | e' ay (t) dt 


-x 


0 oc 


= | e (d,(O)d,(t)) dt +i | e' (di(t)d,(0)) dt. (85.11) 
0 


—e 


The mean values (with respect to the ground state of the atom) which appear here 
can be expressed in terms of the matrix elements of the dipole moment: 


(dy (O)di(t)) = DS (dion (di)no e'"™, 
(di(t)d,(0)) = > (di)on(dk)noe@“*™. 


For convergence of the integrals in (85.11) it is necessary to take w in the first 
integral as w —i0, and in the second as w + i0. Carrying out the integrations, we 
obtain 


soe ( (di)on(dk Jno , (dk Jon (di)no ) (85.12) 


Wao -~ 8-10 wrt w— id 
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If the ground state is an S state, this tensor is simply a scalar, ax(w) = adi, 
where 


o(w) = p> \don|? (<5 aon) (85.13) 


w-i0 wraotw—id 


If, however, the atom has an angular momentum, the same result is obtained on 
averaging over the directions of this angular momentum, and it will be assumed that 
this has been done; we are, of course, interested in the interaction of atoms 
averaged over their mutual orientations. 

Comparison of (85.12) with (59.17) shows that a,(w) 1s the same as the tensor 
for coherent scattering of a photon of frequency w by an atom. According to 
(59.23), a(w) for w >0 is the polarizability of the atom. Its values for w <0 are 
expressed in terms of those for w >0 by means of the relation a(—w) = a(w), 
which is obvious from (85.13). 

Substitution of these expressions in (85.7) gives 


dQ, dQ, dw dw 
2n 2a ln 2a 


(S(r)) = Al dt... dt, 2 
x a (1))a(02)0{ Di (wr, r)w3Di(w2, r) x 
xX exp{—iwi(t; — t2) — iwe(ts — t4) — 11 (t) — ta) — 1OQ(t2 — t5)}, 


where r=r,—r, and we have used the fact that D,(w,r) is an even function of r. 
The integration over three times gives delta functions (whereby —2), = 02 = w2= 
w,), and that over the fourth time gives a factor t: 


(S(r)) = —itU(r), 


where 


fo] 


U(r) = 3i | wa;(w)ar(w)[Di(w, r)? dw/27. (85.14) 


—a 


This formula gives the energy of interaction of two atoms at any distance large 
compared with the atomic dimensions a. We have now to find and insert an explicit 
expression for Dx(w, r). 

Comparison of the expressions (76.14) and (76.8) shows that 


Da(w,k) = ~ (8x -“4#)D(o, &), 
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where D(w,k) is given by (76.8). In the w—r representation, the relationship is 
correspondingly 


1 @? 
Di@aye:= (5 to) D(w,r). (85.15) 


Substitution of D(w, r) from (76.16), and carrying out the differentiations, gives 


i ] 
Dix. (@, r) = gE (1 rT: lalr —) + 


wr 
XX (3 3i )} eitelr 
+20 (3 Fara) eae (85.16) 


Then, substituting this expression in (85.14), we find by a simple calculation, 
using the fact that a(w) is even, the final expression for the interaction energy of 
the atoms: 


U(r) = -. | wtar(w)ax(o)e™| I + 2 — apap top dw. (85.17) 
0 


This general result can be simplified in the limiting cases of ‘‘small’’ distances 
(a <r <p) and “‘large”’ distances (r > Apo). 

When r <Apo, the important values in the integral are (see below) w ~ wo, where 
wo ~ C/Xo are the atomic frequencies, and therefore wr <1. Then only the last term 
in the bracket need be retained, and the exponential may be replaced by unity. 
Writing the integral as one from —© to © (with a view to the subsequent 
calculations), we find 


U(r) = ats as(w)a2(w) dw. (85.18) 


The interaction law at these distances proves to be 1/r®, as it should. The integral in 
(85.18) is easily calculated, after substitution of a(«) from (85.13), by closing the 
contour of integration with an infinite semicircle in the lower half of the complex 
w-plane; the integral is determined from the residues of the integrand at the poles 
W = Wao ~ Wo. ASSuming (to simplify the result) that the two atoms are identical, we 
find (in ordinary units) 


2 2 
U(r) = _ _|don|"Idon (85.19) 


ronan’ A(wWno + Wn'o)’ 


the same as the familiar London’s formula (see QM, §89, Problem). 
In the limit of large distances (r > Ao), the important values in the integral are 
w =c/r<wo; when w = wo, the integral is made small by the rapidly oscillating 
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factor exp 2iwr. We can therefore replace the polarizabilities a,(w) and a2(w) by 
their static values a,(0) and a,(0). The integration is then elementary. (To ensure 


convergence, r in the exponential is to be replaced by r+ i0.) The final result is (in 
ordinary units) 


23 fca,(0)a2(0) 
i chad bd 


an r 


U(r) = (85.20) 


(H. B. G. Casimir and D. Polder, 1948).T 


+ The derivation given here is due to I. E. Dzyaloshinskii. 


CHAPTER X 


INTERACTION OF ELECTRONS WITH PHOTONS 


§86. Scattering of a photon by an electron 


THE conservation of 4-momentum in the scattering of a photon by a free electron 
(the Compton effect ) 1s expressed by the equation 


ptk=p'+k’, (86.1) 


where p and k are the 4-momenta of the electron and the photon before the 
collision, and p’ and k’' their 4-momenta after the collision. The kinematic in- 
variants defined in §66 are 

s=(pt+ky=(p't+k'fY = m*+ 2pk = m’?+2p'k’, 

t =(p —p') =(k'— ky’ = 2(m? — pp’) = — 2kk’, 

u=(p—k'’ =(p'—k)y = m*— 2pk' = m’ — 2p’k, 


stt+u=2m’. 


(86.2) 


The process in question is represented by the two Feynman diagrams (74.14), 
and its amplitude is 


My = — 47re7e'*e,(a'Q"’u), (86.3) 
where 
; | : ] ‘ 
QQ’ = eat y"(yp + yk + m)y" + reer (yp — yk'+m)y". (86.4) 


Here e, e’ are the polarization 4-vectors of the initial and final photons; u, u’ the 
bispinor amplitudes of the initial and final electrons. 

According to the rules given in §65, for arbitrary polarization states of the 
particles |M,j|’ is replaced by 


M,i|” > 1677e4 tr{p©” pv" Q**p'p'\9Q"°}, (86.5) 
f im 


where p“’, p©” are the density matrices of the initial and final electrons, p'™, p™ 
those of the photons. The photon (tensor) indices are written explicitly, but the 
electron (bispinor) indices are not. The trace symbol refers to the latter indices, as 
does the superscript plus in the definiton Q,, = y°Qi,y°. 
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Let us consider the scattering of an unpolarized photon by an unpolarized 
electron, without regard to their polarizations after the scattering. The averaging 
with respect to the polarizations of all particles is given by the density matrices: 


pe =p =-ig,, p’=AXyptm), p= Hyp't+m); 
the change to summation over the polarizations of the final particles involves a 
further multiplication by 2 x 2 = 4. 


From formula (64.23), in which we must now put I? = {(s — m’)’ (see (64.15a)), 
we find the cross-section 


4 _ 
do = a a tr{(yp'+ m)Q”*(yp + m)Qy,}. 


From (65.2a), Q,, = Qy,. Separating the terms which differ only by the changes 
k <—k' (and accordingly s <u), we can put the cross-section in the form 


4 
do = dt ea (f(s, u)+ g(s, u)+ f(u, s)+ g(u, s)], 


with the notation 


f(s, u)= Gam tr{(yp'+ m)y"(yp + yk + m)y"(yp + m)y,(yp + yk + m)y,}, 


1 ; ; 
g(s,u)= en ee y ert(YP +m)y"(yp + yk +m)y"(yp + m)y, x 
x (yp — yk’ + m)y_}; 


this notation takes account of the fact that the result will depend only on the 
invariant quantities. 


The summation over yw and vp is effected by means of formulae (22.6); then, 
omitting terms which contain an odd number of factors y, we obtain 


f(s, u)= my tr{(yp’)(yp + yk)(yp)(yp + yk) + 4m°(yp + yk)(yk — yp’)+ 
+ m*(yp)(yp') + 4m‘. 


The trace is calculated by means of formulae (22.13); expressing all quantities in 
terms of the invariants s and u, we easily obtain 


f(s, u) = aaa (4m* (s — m’)(u — m’) + 2m*(s — m’)}. 


Similarly, 
g(s | an {4m’ + (s —m’)+(u—m?)} 
ve (s —m‘*)(u — m*) " 
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The cross-section is thus 


m? m? 1/s—-m’ u-m 
es) riveree] |, one 


where r, = e’?/m. This formula expresses the cross-section in terms of invariant 
quantities, and can easily be used to express it in terms of the collision parameters 
in any specified frame of reference. 

Let us do this for the laboratory system, in which the electron is at rest before 
the collision: p = (m, 0). Here 


s—m’*=2ma, u—-m’*>=—2mw’. (86.7) 


Squaring the equation of conservation of 4-momentum in the form p+k—k’=p’, 
we have 


pk — pk'— kk' =0, 
whence (in the laboratory system) 
m(w — w')— ww'(1—cos 3) = 0, 


where 9 is the angle of scattering of the photon. This equation gives the relation 
between the photon energy change and the scattering angle: 


4-tat4 ~cos @). (86.8) 


W 43) 


The invariant ¢ is 
t = —2kk’ = —2ww'(1—cos 9). 
For a given energy w we find, using (86.8), 
dt =2w" dcos 8 =(I/m)w" do’ (do'=27 sin 9 d9). 


Substitution of these expressions in (86.6) gives the following formula for the 
scattering cross-section in the laboratory system: 


2 ’ 
igs ir2(<) (< gai 9) do’ (86.9) 
@ @ @ 


(O. Klein and Y. Nishina, 1929; I. E. Tamm, 1930). 
Since the angle & is unambiguously related to w’ by (86.8), the cross-section can 
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be expressed in terms of the energy w’ of the scattered photon: 


’ ' 2 
wane fares (S-8)—am(b-2 ao 


@ @ 
with w' varying in the range 


W ' 
ful Sw. (86.11) 


When w <™m, we can put w’ ~ w in (86.9), and the result is, as it should be, the 
classical non-relativistic Thomson’s formula 


do = 3r2(1+ cos? 8) do’: (86.12) 


see Fields, (78.7). 
To calculate the total cross-section, we return to formula (86.6). The invariants 
s, t, u there take values satisfying the inequalities 


s=m’, t <0, us =m‘. (86.13) 


These have already been derived in §67; the corresponding physical region is I in 
Fig. 7 (§67). They are also easily obtained directly from the expressions for the 
invariants in the centre-of-mass system. Here p+k=0, and the energies « of the 
electron and w of the photon are related by ¢ = V(w’+ m”). The invariants are 


s=(et+tw)Y=m’'4+2a(wte), 
u = m’-2(e + w cos 8), (86.14) 
t = —2w"(1—cos 6), 

where 6 is the scattering angle (the angle between p and p’ or between k and k’). 


The three inequalities (86.13) then result from the conditions w 20 and —-1s 
cosé <1. 


For a given s (1.e. a given energy of the particles), the integration with respect 
to t can be replaced by one with respect to u = 2m’-—s —t over the range 


mls <u<2m?-s. 


Using instead of s and u the quantities 


x =(s—m?’)/m’, y =(m’-u)/m’, (86.15) 
we obtain 
_Bar? f T/1 12.1 1.47% y 
pe x 7 Ty 5 +4(3+2)| a 


x/(x+1) 
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and after the elementary integration 


sll-g-#) ate Rite 
o=2nr ] - x log(l + x) +5 +5 W+xyyf (86.16) 


The leading terms in the expansion for x <1 (the non-relativistic case) are 


= Sar ot (2x), (86.17) 


The first term is the classical Thomson cross-section. In the opposite, ultra- 
relativistic, case (x > 1), the expansion of (86.16) gives 


Soar : (log x +4). (86.18) 


In the laboratory system, 
x =2w/m, (86.19) 


so that formulae (86.16)-(86.18) give immediately the photon energy dependence of 
the cross-section for scattering by an electron at rest. Figure 13 shows o as a 
function of w/m. 

In the ultra-relativistic case, the cross-section decreases with increasing energy 
both in the laboratory system (0 ~ w7'logw) and in the centre-of-mass system 
(x =4w’/m’, o < w log w). But the angular distribution in the ultra-relativistic 
case has quite different forms in these two frames of reference. 

In the laboratory system, the differential cross-section has a sharp peak in the 
forward direction. In a narrow cone 9 < V(m/w) we have w'~ w and the cross- 


0 
001 002 0050102 05 1 5 10 i 50 0 100 
w/m 


Fic. 13. 
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section do/do’ ~ r2, reaching the value r? as 9-0. Outside this cone, the cross- 
section decreases, and in the range 0?> m/w (where w’ = m/(1—cos 9)) we have 


do 
do’ 


=}? eee Le 
*w(1-—cos 3)’ 
i.e. the cross-section is reduced by a factor ~w/m. 
In the centre-of-mass system, on the other hand, the differential cross-section 
has a peak in the backward direction. For 7 — 6 <1 we have from (86.14) 
; 2 2 2 2 
s—m 4w m°-u Ww > 
ws = [+ _ . 
cm me mE EA er 8) 


The largest term in the cross-section (86.6) is 


2 
tae 2 m’* dt 
do = Bare asm m= uy 
whence 
do' 
do = hn (86.20) 


The cross-section do/do' ~ r2 in a narrow cone 7 — 0 < m/w; outside this cone it is 
reduced by a factor of the order of ~w?/m’. 


§87. Scattering of a photon by an electron. Polarization effects 


We shall now go back to the original formulae of §86 and show how the 
calculations must be made in order to take account of the polarization of the initial 
and final photons and electrons. 

The density matrix of the photon can be expressed, according to (8.17), by 
means of a pair of unit 4-vectors e, e® which satisfy the conditions (8.16). In the 
present case, these vectors can be taken to be, for both photons, the 4-vectors 
defined in §70t 


eX = NIV(-N?), e? = P/V (—P?), (87.1) 
where 
P* = (p* + p")— K*(pK + p'K)/K’, 
N* = e**”P..g.K,, 
K> = ki + k”. 
q> = K' — kA = p* —p"”. 


(87.2) 


t An alternative procedure is to consider from the start a specified frame of reference (say the 
laboratory system) and take for each photon as e"”, e® purely spatial unit vectors e = (0,e) which are 
orthogonal! to the photon momenta and to each other. In that case, however, the calculations will be 
entirely in three-dimensional form, and the result will not be invariant. 
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The quantities Q”” in (86.5) are given by (86.4). They may be regarded as 
components of a 4-tensor (in the sense that they form a 4-tensor after being 
contracted with spinors as the quantities i’Q’’u). All the components of a 4-tensor 
can be obtained by projecting it on four mutually orthogonal 4-vectors, for instance 
on P, N, q and K defined above. Since the tensors p%, p™ contain only com- 
ponents along P and N, we need in fact only the components of Q,, along these 
4-vectors. In other words, it is sufficient to find in Q,, the terms of the form 


Que = Qolewer + ene) + Qilevey + ever) — 
— iQePe? — eel) + Qx(ere? — ee); (87.3) 
the remaining terms would disappear on substitution in (86.5). The quantities Qo 
and Q; are scalars in the same sense that Q,, 1s a 4-tensor; they therefore contain 


the matrices y only in the “invariant” combinations yK, etc. In the same sense, Q, 


and Q, are pseudoscalars (N is a pseudovector), and hence must contain the matrix 


y°. 


By direct projection of the tensor Q,, we find 
Qo = 1Q"*(e\PeW? + ePe?, 


etc. In the calculation it is convenient first to express Q,, in terms of the mutually 
orthogonal 4-vectors P, N, q, K: 


734 ee + +y De P+ Vv 
=¥"* TY - Y "2 yM(yK)y’ — y"(yK)y"). 


There then remain some purely algebraic calculations using the formulae given 
in §22. It is also possible to make changes in Q”” which do not affect the result 
after the subsequent construction of the product &’Q*“’u. For instance, since 


u'(yp + yp')u = 2mii'u, 
it'y°(-yq)u = G'(y*(yp) + (yp')y°)u = 2mii'y*u 
we can make in Q”” the changes 
yp +yp'>2m, —-y°(yq) > 2my’. (87.4) 
The detailed calculations are omitted here; the final result ist 


Qo = — ma,, Q, = hia, y*°(yK), 


(87.5) 
Q,=-ma,y’, Q;= ma, +4a_(yK), 


+t The expression (87.3) with the values (87.5) corresponds to the formulae (70.11)-(70.13) derived in 
§70 from general considerations. Besides the equations f;= f,=0 which follow from T invariance, 
another invariant amplitude (f2) is here zero also. This is a property of the approximation of perturbation 
theory used here, and would not occur in higher approximations. 
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where 


In the subsequent calculations, it 1s convenient to apply to Q,, the same formal 
treatment as has been described in §8 for the photon density matrix: the four 
components of the tensor (87.3) in the directions e“”, e® are combined to form a 
two-rowed matrix Q which is then expanded in terms of Pauli matrices. Similarly 
to (8.18), we obtain 


Q=Q+Q°-a, Q = (Q;, Q2, Qs). (87.6) 


The components of the tensor Q,, = y°Qt,y° in (86.5) are easily seen from (87.3), 
(87.5) and the rules (65.2a) to be obtained from those of Q,, on replacing Qo, OVsaen 
by Qo, Q:,..., where 


Qo = Qo, Q, =-Q,, Q, =—Q), Q; = Q;, (87.7) 


and simultaneously interchanging the indices pu, v.t In matrix form, 
Q=Q+Q-°-a. (87.8) 


Let us now define more precisely the sense of the 4-vectors e“”, e” in relation 
to the polarization of the photons. For each photon, the independent directions of 
polarization will be determined by the components of the 3-vectors e‘”, e® trans- 
verse to the photon momentum K.$ It is easily seen that, in both the centre-of-mass 
system and the laboratory system (in which the initial electron is at rest), the vector 
P is in the plane of k and k’, and N perpendicular to that plane. The direction e"” is 
therefore that of the polarization perpendicular to the plane of scattering, and e” is 
that of the polarization in the plane of scattering. It must also be noted that the 
Stokes parameters &), &, €; are defined with respect to the axes xyz, which form a 
right-handed set with the z-axis in the direction of k. It 1s easily seen that for the 
initial photon the vectors N, P,, k form such a set, and for the final photon the 
vectors N, —P/, k’ (where P, and P! are the components of P perpendicular to k and 
k’ respectively). A change of sign e® in the photon density matrix (8.17) is 
equivalent to a change of sign of €; and €,. The density matrices of the initial and 
final photons, referred to the unit 4-vectors e“” and e”, are therefore 


op” =1+€-0), E= (&1, &2, &3); 


(87.9) 
p= =(1+€é'- -@), & = (—- £1, —&2, 3). 


t For the matrix Q,, in the original form (86.4) we should have simply Q,, = Q,,. This property, 
however, is lost as a result of transformations such as (87.4). 

¥ The longitudinal components of e, like the time components of the 4-vectors e, can here be simply 
ignored; this is permissible, owing to gauge invariance. 
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( ) = 
p .e 6 p vp Q 


is now calculated as the trace of the matrix product of the matrices (87.6)—(87.9), 
using (33.5). The result is 


|Myi| = 87r7e* tr{(p" Qop Qo + p"Q + p'Q) + 
+ (E+E) (9 Qop''Q + p"Qp''Qo) — i(E — E') = p©"Q x pQ + 
+ (E+ E')(p Qop Qo — p©"Q + p“'Q) + 
+ p"(E’  Q)p(E + Q) + pP'"(E- De“lE' - Q)- 
~iE XE - (p©"Qop'Q— p©’Qp’Qo)}. (87.10) 


SCATTERING BY UNPOLARIZED ELECTRONS 


We shall complete the calculation of the cross-section for the scattering of 
polarized photons by an unpolarized electron, summed over polarizations of the 
final electron. To do so, we must put in (87.10) 


p=Xyp +m), p= x(yp'+ m), 


double the result, and substitute it in place of |M,;|* in the formula (64.22) for the 
cross-section: 


dt d 
dor = 35a os Mal 


where @ is the azimuth in the centre-of-mass or laboratory system. Some of the 
terms in (87.10) are identically zero; the calculation of the other terms gives the 
final result (with the notation (86.15)) 


do = tae +272 LSE |g, +e)|- (1-4) (--=)|+ 


y 


+eei(p-y +7 5) + &8s i(=+ 2\(1+2-4)4 


-os((2-2)+@-2)-4) on 


Here da is the scattering cross-section for unpolarized photons given by (86.9); the 
factor 4} appears because there is no summation over the polarizations of the final 
photon in (87.11). 
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In the laboratory system, formula (87.11) becomes 


‘V2 
do ='r?(@) do'{Fy+ Figs + &3) + Fugigi + Fafifi + Frbséih 
do' = sin 3 dd dd, (87.12) 


where 


Fy =~%+" -sin’ 9, F; = sin’ 9, 
@ @ 
; : (87.13) 
F,, =2cos 9%, Fy = (2+2) cos 9, Fy, = 1+ cos’ 9 


(U. Fano, 1949). Although (87.12) shows no explicit dependence on the azimuth ¢ 
of the scattering plane, there is an implicit dependence, since the parameters &,, &, 
€; are defined with respect to the axes xyz, which are fixed to the scattering plane. 
The x-axis is the same for both photons and perpendicular to the scattering plane: 


x [kx k’, 
and the y-axes are in that plane: 
yllkx(kxk’), — y’|k’x (kx k’). 


Taking the sum of cross-sections differing in the sign of &' (i.e. putting &’ = 0 and 
doubling the result), we obtain the total cross-section (summed over polarizations 
of the final photon) for scattering of a polarized photon by an unpolarized electron. 
Denoting this cross-section by da(&), we have 


do(&) = 1r2(w'/w)*F do’, (87.14) 


where 
U a) 
F=Fo+6&F;=—+*-(1-) sin? 9. (87.15) 


We see that the scattering cross-section for photons polarized perpendicular to the 
scattering plane (&; = 1) is greater than that for photons polarized in the scattering 
plane (é; = — 1). The cross-section is independent of circular polarization and of the 
parameter é,. The scattering cross-section is therefore equal to that for unpolarized 
photons if there is no linear polarization relative to the x and y axes (& = 0) or even 
if there is polarization relative to directions at 45° to these axes. 

The cross-section for scattering of unpolarized photons with detection of a 
polarized photon has similar properties. This cross-section, which we denote by 
do(é'), is obtained from (87.12) by putting & = 0: 


do(&') = 4r2(w'lw)F' do’, =F’ = Fy+ &4F;. (87.16) 
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From formula (87.12) it is also possible to deduce the polarization of the 
secondary photon itself; we shall denote the parameters of this polarization by &” 
to distinguish them from the detected polarization &’. According to the rules given 
in §65, the quantities 4’ are equal to the ratios of the coefficients of the €; to the 
term independent of &: 


EP=(FilP)é,  §P =(FulF)&,  €9 = (Fs t+ Fués)/F. (87.17) 


In particular, for the scattering of an unpolarized photon 


— a sin’ 3 
égP=éP =0, EP= ath olo= <n: (87.18) 


Here €Y’>0, i.e. the secondary photon is polarized perpendicular to the scattering 
plane. Circular polarization of the secondary photon occurs only if the primary 
photon is circularly polarized: é¥) ¥ 0 only if & #0. 

Let us consider the case of complete linear polarization of the incident photon 
(€.=0, €{+ &}=1), and find the cross-section for scattering with detection of a 
linearly polarized secondary photon. Expressing the parameters & and €&; in terms 
of the components of the photon polarization vectors e and e’, we obtain the 
following expression for the scattering cross-section: 


4 ’ 
ie= ir?(=) (2+2-2+4c0s'@) do’, (87.19) 


Ww 


where © is the angle between the directions of polarization of the incident and 
scattered photons.t 

According to this formula, the cross-section behaves quite differently when the 
polarizations e and e’ are perpendicular and when they are parallel. Distinguishing © 
these two cases by the suffixes 1 and ||, we have in the non-relativistic limit (w <m, 
w' = w) 


do,=0,  doj=rzcos’®@ do’, (87.20) 


in agreement with the classical formulae. In the opposite, ultra-relativistic, case we 
have w>m, w’=m/(1—cos 3). Here the two ranges of large and small angles 
(large and small w/w’) must be distinguished: 


m do’ 


peer LL See 25 
at eos) for 3° > m/w; 


da, = do, = ar? = do' =4r? 
(87.21) 
do,=0, doy=recos’@do' for 8’ <miw. 


+t Formula (87.19) itself could be more simply derived by writing from the start e = (0,e), e’ = (0, e’) 
in the scattering amplitude (86.3) and continuing the calculation of the squared amplitude in three- 
dimensional form (i.e: separating the time and space components of the 4-vectors). 

On averaging cos’ @ =(e:e’)’ over the directions of e and e’ (using (45.4a)), and doubling the 
cross-section (to sum over e’), we of course return to (86.9). 
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We see that the scattering cross-section has its classical value at very small angles. 
The approximate equality of do, and do, at angles which are not very small 
signifies that in this range, in the ultra-relativistic case, the scattered radiation is 
unpolarized; but it must be emphasized that this conclusion applies specifically to a 
linearly polarized incident photon. From (87.17) it is evident that, for a circularly 
polarized photon in the ultra-relativistic case, €Y’ = &- cos 0. 


SCATTERING BY POLARIZED ELECTRONS 


For polarized electrons, the calculation of the traces in formula (87.10) becomes 
very laborious, though not difficult in principle. Here we shall give only some of the 
final results of the caiculation.? | 

In general, the cross-section depends both on the polarization parameters & and 
&’ of the initial and final photons, and on the polarizations of the initial and final 
electrons, described by vectors ¢ and {. The dependence on each of these 
parameters is linear. The cross-section has the form 


do = idol, &') + re(w']w)’ do'ff -C& +f Ce +g-C&te' Ce + Gulicet - +}, 
(87.22) 


where da(é, &') is the cross-section (87.12). All the terms which contain products of 
two polarization parameters have been written out in (87.22). Terms containing 
products of three or four parameters have been omitted; they are unimportant as 
regards correlations between the polarizations of only two particles, and disappear 
when the polarization parameters of the other two particles are equated to zero. The 
following are the values of some of the coefficients in the laboratory system: 


f=-- (1-cos dk cos # +k’), 


fi=- = (1—cos 3)(k+k’' cos 9), 


1 iat (87.23) 
g=—— (1—cos 8)| (k cos 8 +k')— (1+ cos 6) Fo kK], 


Ruel tas , a w +o’ _- 
g = me! cos 8)|(k+k cos 3) (1+ cos 3) ———_ (k K).]. 


The cross-section (87.22) contains no term of the form G- ¢. This signifies that 
the polarization of the electron does not affect the total cross-section (summed 
over &' and C’) for the scattering of unpolarized photons. There is also no term of 
the form G’:{. This signifies that, in the scattering of unpolarized photons, the 
recoil electron is unpolarized. 

We see also that the terms bilinear in the polarizations of the electron and 
photon contain only the parameters é and &; which correspond to circular 


t Further details may be found in the review articles by H. A. Tolhoek, Reviews of Modern Physics 
28, 277, 1956; W. H. McMaster, ibid. 33, 8, 1961. 
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polarization of the photon. The polarization vectors ¢ and @’ of the electrons appear 
in the form of scalar products f- ¢, etc., which contain only the projections of these 
vectors on the scattering plane. Hence, for example, the cross-section for scatter- 
ing of a polarized photon by a polarized electron, 


do (é, ©) = da(€) + 3r2(w'/w) Ef + © do’, (87.24) 


differs from do(&) only in that the photon is circularly polarized and the electrons 
have a non-zero projection of the mean spin on the scattering plane. For the same 
reason, the recoil electron is polarized only if the photon is circularly polarized; the 
resulting electron polarization vector is then in the scattering plane: 


CY = &¢/F. (87.25) 


SYMMETRY RELATIONS 


Finally, we shall show that the qualitative properties of the polarization effects 
in the scattering of photons by electrons follow from the general requirements of 
symmetry. 

The parameter é, of circular polarization 1s a pseudoscalar (see §8). Hence, from 
the requirement of P invariance, terms ~é, (or «&}) in the scattering cross-section 
could occur only as the product of &, with some pseudoscalar formed from the 
available vectors k and k’.t But a pseudoscalar cannot be formed from two polar 
vectors. It therefore follows that no such terms can appear in the cross-section. 

The parameters €, and &; of linear polarization are related to the components of 
the two-dimensional (in a plane perpendicular to k) symmetric tensor 


Sap = (pub + pga) 


=5 (’ ne a) 


In the present case, one of the polarization axes is taken to lie along the vector 
v =k Xk’, and the other lies in the plane of k and k’ (along k x v for one photon and 
along k’ xv for the other). Terms ~€, could occur in the cross-section only as 
products S,gv.(k’ X v)g (or, equivalently, S.gvak,), etc. But, since v is an axial vector, k 
a polar vector, and S,, a true tensor, such products.are not invariant with respect to 
inversion. There are therefore also no terms « €; (or « €;) in the cross-section. Terms 
x &€, (or «&3), however, occur as products S,g,vg, etc., and are not forbidden by 
considerations of symmetry. 

Terms in the cross-section that are proportional to the electron polarization C 
are not forbidden by parity: such terms could arise from the products (- v of two 
axial vectors. They must, however, be absent in the first non-vanishing ap- 
proximation of perturbation theory, here considered, because the scattering matrix 

+ We are considering the process in the laboratory system, where p = 0, p' = k—k’. It is evident that 


the. relevant consequences of the symmetry requirements (the presence or absence of particular terms in 
the cross-section) will not depend on the choice of the frame of reference. 
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is Hermitian in that approximation (§71). Owing to this property, the square of the 
scattering amplitude (and therefore the cross-section) is unchanged when the initial 
and final states are interchanged. At the same time the cross-section must be 
invariant under time reversal, i.e. interchange of the initial and final states together 
with a change of sign of the momentum and angular momentum vectors of all the 
particles; the Stokes parameters é,, &, €; are then unaltered (see §8). On combining 
these two requirements, we find that in the approximation considered the cross- 
section must be unchanged by a change of sign of all the momenta and angular 
momenta without interchange of the initial and final states, i.e. by the trans- 
formation 


k>-k, k>-k, C9-G >-U (87.26) 


with — and &’ unaltered. 

The transformation (87.26) changes the sign of the product ¢- vy, and such terms 
therefore cannot appear in the cross-section. It must be emphasized, however, that 
this prohibition its not a consequence of strict requirements of symmetry, and may 
therefore no longer apply in higher approximations of perturbation theory. 

Among the terms of the binary correlation between the polarizations of the 
photons, only those of the form é,&; and &é are forbidden by parity, and none of 
those of the photon-electron correlation are forbidden. But all terms of the form 
€:., &¢, 6 are forbidden in the first approximation by the requirement of 
invariance under the transformation (87.26). For instance, terms of the form &,& 
and &,C¢ could be formed (so far as parity is concerned) as scalars such as £3S.gk iv, 
and Sygkave6-k, but such combinations change sign under the transformation 
(87.26). 

The allowed correlation terms of‘the form &,{ can be formed as products of the 
type €¢-k. The electron polarization vectors appear in them only as projections on 
the scattering plane. 

Finally, a number of relations between the coefficients in the allowed terms 
result from the requirements of crossing symmetry. Reaction channels which differ 
by an interchange of initial and final photons correspond to the same process— 
scattering of a photon by an electron. The squared modulus of the amplitude, and 
therefore the scattering cross-section, must consequently be invariant under a 
transformation which expresses the change from one of these channels to the 
other: 


k ok’, eoe'* 


with the electron momenta and polarizations unchanged. In three-dimensional 
form, this transformation is 
@ oa w', k o—- k'’, 


(87.27) 
Eo &i, <> — &, £3 <> &3. 


The change in the sign of &, is evident from the expression &, = ie X e* - n, in which 
the vector e x e* changes sign when e and e* are interchanged, while the vector 
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.n=k/w is unchanged when k@ —k, w @ — w. The transformation (87.27) does not 
affect the electron momenta and therefore leaves the laboratory system unaltered. 
Hence the cross-section (87.22) cannot change its form under this transformation, 
and in fact the formulae (87.12), (87.22), (87.23) comply with this requirement. 

_ §88. Two-photon annihilation of an electron pair 


The annihilation of an electron and a positron (with 4-momenta p-_ and p,) to 
form two photons (k, and k,) corresponds to two diagrams 


k, age See Pp. k ——— Pp. 
| (88.1) 
ee “Py ces -P, 
These differ from the diagrams for scattering of a photon by an electron as follows: 


p>p-,  p'>-—Ps, k>—k,, k’> kp. (88.2) 


The two processes are two cross-channels of the same (generalized) reaction. After 
the changes (88.2), the kinematic invariants (86.2) become 


= (p- — k,)’, 
t=(p_+p.)=(k,+ k,)’, (88.3) 
u = (p_-—k)’. 


If the photon scattering is the s channel, then the annihilation is the t channel. 

The quantity |M,;|* for annihilation (averaged over polarizations of the electrons 
and summed over those of the photons), when expressed in terms of the invariants 
s and u, is the same as corresponding quantity for scattering, only the meaning of 
the invariants being changed.t In the formula (64.23) for the cross-section, the 
change st is needed in the coefficients of |M,i|?, and I’ is now, according to 
(64.15a), equal to {t(t — 4m?). Making the appropriate alterations in formula (86.6), 
we find the annihilation cross-section 


2 2 2 2 
_ >» mds {( m m 
do Bare ram) c—m um me 


m? m? 1/s-—m wim) 
(ot Areca alt om) 


The physical region of the annihilation channel is region II in Fig. 7 (867). For 
given t (given energy in the centre-of-mass system), the range of variation of s is 


t This takes account of the fact that the photons and the electrons have the same number of 
independent polarizations (two), and it is therefore immaterial which correspond to the averaging of 
|M)|" and which to the summation. 


§88 Two-photon Annihilation of an Electron Pair 369 


determined by the equation of the boundary su = m‘. Together with the relation 
s+t+u=2m’, this gives 


—ht —iV[t(t -—4m?)] ss —m’?> <—3t+4V[t(t — 4m). (88.5) 


The integration of (88.4) is elementary; the result must be divided by two to 
take account of the identity of the two final particles (the photons). Thus we have 


yaZen {or +r log wrt VRB (r+ )V Ere - DI}, (88.6) 


ar'(t 


where + =}t/m? (P. A. M. Dirac, 1930). 
In the non-relativistic limit (+ > 1), this gives 


o = har? {V(r —- 1). (88.7) 
In the ultra-relativistic case (t > ©), 
o = Gar2/r)(log 47 — 1). (88.8) 


In the laboratory system, in which one particle (say the electron) is at rest 
before the collision, the invariant 7 is 


= (1+ y), y = €./m. (88.9) 


Formulae (88.6)-(88.8) give as the dependence of the total cross-section on the 
energy of the incident positron 


g = te  ogty + Vr-DI- a}. 8.10 


In particular, in the non-relativistic limitt 
o=nr2/v, (non-relativistic), (88.11) 


where v, is the velocity of the positron. 
In the centre-of-mass system the electron, the positron and the two photons have 
equal energies, ¢ = w. The invariants are 


m*—s = 2e(e — |p| cos 6), 
m?—u =2e(e + |p| cos 6), (88.12) 
t=4¢7, 


where 6 is the angle between the momentum of the electron and that of one of the 


t This formula becomes inapplicable, however, when v. <a and the Coulomb interaction of the 
components of the pair cannot be neglected; cf. the end of §94. 
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photons. Substituting in (88.4), we find the angular distribution of the annihilation 
photons: 


rem’? [e?+p(1+ sin’ 6) 2p‘ sin‘ 6 
a ee do. 13 
a Aa e*—p’cos’ 6 (e“—p’ cos’ 6) ° ede) 


In the ultra-relativistic case this has symmetrical maxima in the directions @ =0 
and 6 = 7. Near 6 = 0, we have 


do ~ rem” do (ultra-relativistic) (88.14) 
2602 + m/e”) 


The total cross-section is obtained from (88.6): 


ee ee 
o= arity [24 loge -22- »9)], (88.15) 


where v = |p|/e = V(e2— m’)/e is the velocity of the colliding particles. 

We shall not discuss here the details of the polarization effects in annihilation, 
but merely consider certain qualitative features of these effects in the limiting cases 
where the velocity v of the colliding particles is large or small. The process will be 
considered in the centre-of-mass system. 

In the limit v >0, only the state with orbital angular momentum of relative 
motion | = 0 gives a non-zero contribution to the cross-section. But the S state of 
the electron + positron system has negative parity ($27, Problem). In odd states of a 
two-photon system, their polarizations are orthogonal (§9). The same must there- 
fore be true of the annihilation photons in the non-relativistic case. 

If the electron and positron are polarized, their annihilation is possible (again in 
the non-relativistic case) only if their spins are antiparallel: since the annihilation 
occurs in the S state, the total angular momentum of the system is equal to the 
total spin of the particles, which is 1 when the spins are parallel. The two-photon 
system, however, has no state with total angular momentum 1 (see §9). 

In the ultra-relativistic limit (v > 1), the annihilation of a longitudinally polarized 
(helical) electron and positron is possible only when their helicities have opposite 
signs.t In this limit, helical particles behave as neutrinos (see the end of §80), and 
the electron and positron undergoing annihilation must be analogous to a neutrino 
and an antineutrino, whence the result stated follows. 

The annihilation of an electron and a positron with the same helicity occurs, in 
the ultra-relativistic case, only when terms containing m are taken into account. The 
amplitude of this process differs, in order of magnitude, by a factor m/e from that 
of the annihilation of a pair with parallel spins; the cross-section accordingly differs 
by a factor (m/e)’. 

t See W. H. McMaster, Reviews of Modern Physics 33, 8, 1961. 


t Since the directions of the particle momenta are also opposite (in the centre-of-mass system), 
helicities of opposite sign correspond to parallel spins. 
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PROBLEM 


Find the cross-section for the formation of an electron pair in the collision of two photons (G. Breit 
and J. A. Wheeler, 1934). 


SOLUTION. This is the process inverse to the two-photon annihilation of an electron pair. The 
squared amplitudes are the same for the two processes, and their relationship to the cross-section differs 
only in that here I? = (k,k2)’ = it”. Hence 


t-—4m’ 
AG torm = doann f ‘ 


In the centre-of-mass system (t = 4c’ = 4w’), 

dd torm = v? do ann, 
where v is the velocity of the components of the pair. In integrating to obtain the total cross-section, the 
result is not to be divided by 2 (as in the case of annihilation), because the two final particles (electron 


and positron) are not identical. Hence, in the centre-of-mass system, 


2 
Oform > 20° Oann 


=jar(1— WG — y‘) log t . —2v(2- 0. (1) 


In an arbitrary frame of reference K, in which the two photons k; and kz are moving in opposite 
directions, we have (from the invariance of k,k2) 


2 
W1092—-@, 


where w is the energy of the photons in the centre-of-mass system. Since this energy is equal to that of 
the pair components, we have w = e = m/V(1— v’). To change to the frame K, we must therefore put in 


(1) 
v= V(1- m’/wiw2). 


§89. Annihilation of positronium 


Owing to the conservation of momentum, the annihilation of the electron and 
positron in positronium must be accompanied by the emission of at least two 
photons. Such a decay is possible (in the ground state), however, only for 
parapositronium. In §9 we have shown that the total angular momentum of a 
two-photon system cannot be 1. Hence orthopositronium in the *S, state cannot 
decay into two photons. Moreover, since positronium in the *S, state is a charge- 
odd system (see §27, Problem), Furry’s theorem (§79) shows that it cannot decay 
into any even number of photons. In the 'Sy state, on the other hand, positronium is 
charge-even, and the decay of parapositronium into any odd number of photons is 
therefore forbidden. 

The main process which determines the lifetime of positronium is therefore 
two-photon annihilation for parapositronium and three-photon annihilation for 
orthopositronium (I. Ya. Pomeranchuk, 1948). The decay probability can be related 
to the cross-section for annihilation of a free pair. 

The electron and positron momenta in positronium are ~me’/h, i.e. small 
compared with mc. Hence, in calculating the probability of annihilation, we can 
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take the limit of two particles at rest at the origin. Let a, be the cross-section for 
two-photon annihilation of a free pair, averaged over the spin directions of both 
particles. In the non-relativistic limit, according to (88.11), 


G2, = m(e*/mc’)c/v, (89.1) 


where v is the relative velocity of the particles. The annihilation probability w 2, is 
obtained on multiplying @, by the flux density v|y(0)|’. Here w(r) is the wave 
function, normalized to unity, of the positronium ground state: 


w(r) = a et, a = 2h’/me’; (89.2) 


the Bohr radius a for positronium is twice that for the hydrogen atom, because its 
reduced mass is half as great. This probability, however, corresponds to the initial 
state averaged over spins, whereas in positronium, of the four possible spin states 
of a two-particle system, only one (with total spin 0) can undergo two-photon 
annihilation. Hence the mean decay probability wW2, is related to the paraposi- 
tronium decay probability wo by w2, =4Wo, and so 


Wo - Al (0)|?(ve2,)y +0. (89.3) 
Substituting the values from (89.1), (89.2), we obtain for the lifetime of paraposi- 
tronium 
T = 2h/mc’a? = 1.23 x 10°" sec. (89.4) 
It should be noticed that the level width [9 = h/t) is small compared with the 
level energy 
|E,.| = me*/4h? = mc’a’/4. 
For this reason positronium may be regarded as a system in a quasi-stationary 
State. 


Similarly we find that the decay probability for orthopositronium is related to 
the spin-averaged cross-section for three-photon annihilation of a free pair by 


wWwi= 303, wy 310(0)|(ve3,)»0, (89.5) 


the statistical weight of a state with spin | being 3. Anticipating, we may mention 
that 


2 4(m’ —9)c e’ \? 
6, =“) a(-<5) (89.6) 
The lifetime of orthopositronium is therefore 
Oar h a 
T= ar —9) mera = 1.4x 10° sec. (89.7) 


+ Formulae (89.1}+(89.7) are written in ordinary units. 
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The inequality [, <|E,,| is here, of course, satisfied even more markedly than for 
parapositronium. 

Let us now calculate the cross-section for three-photon annihilation of a free 
pair (A. Ore and J. L. Powell, 1949). According to (64.18), the cross-section in the 
centre-of-mass system is expressed in terms of the squared amplitude by 


d*k, d°k, d’k; 


= (277)*|Myil’ i 
do3, rs 4] 5(k, at k, a k3)d(w, oa W2 5 W3 2m) (27) 20, : 2w ; 2w3’ 


where, according to (64.16), [=2m-}jmv =m’, v being the relative velocity 
(assumed small) of the positron and the electron; k,, kz, k; and w,, w2, w; are the 
wave vectors and frequencies of the photons formed; the delta functions express 
the laws of conservation of energy and momentum. Because of these laws, the 
three frequencies w;, w2, w; must be represented by the lengths of the sides of a 
triangle with perimeter 2m. Thus the magnitudes of the momenta k,, k,, k; and the 
angles between them are entirely determined by specifying two frequencies. 
The three-photon annihilation corresponds to the diagram 


a p. 
k» —_—_—_——as— 
k3 Sore «= —P, 


and a further five diagrams obtained from it by interchanging thé photons k,, k2, 
k;. The amplitude may be written 


My = (40 rete * el *a(— p.)Q’u(p-), (89.9) 


where 
Qs p> y*G(k3— ps)y"G(p_— ky’, (89.10) 


the sum being taken over all interchanges of the photon numbers 1, 2, 3 together 
with corresponding simultaneous interchanges of the tensor indices A, pw, v. The 
squared modulus of the amplitude, averaged over the polarizations of the electron 
and the positron and summed over those of the photons, is 


1S IMyl? = (4m) trip. Q™*"p-Quyw}, (89.11) 
polar. 
where 
pe ‘(yp - +m), pi 1(yp, —m). 


The matrices Q” differ from the matrices Q*”” in that the order of the factors is 
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reversed in each term of the sum. In the limiting case considered, where the 
electron and positron velocities are small, their 3-momenta p- and p, may be taken 
as zero, putting p- = p. =(m,0). Then the electron Green’s functions are 


_ py a Ya ykitm _— ~ykitm(y’+ 1) 
ky ne SALA, 


etc., and the density matrices reduce to 
pz =3m(y° + 1). 


A large number of terms arise on carrying out the multiplication in (89.11), but 
the number that need to be calculated can be greatly reduced by making full use of 
the symmetry with respect to interchanges of photons. For example, it is sufficient 
to multiply out the six terms in Q**” (89.10) each with only one term in Onis In the 
six traces then remaining, we can again select certain parts which are transformed 
into one another by various interchanges of photons. The products of the 4-vectors 
p, ki, k2, k; which occur when the traces are expanded can all be expressed in terms 
of the frequencies @), w2, w3. Since p =(m,0), we have pk,=ma,,.... The 
products k,k2,... are determined from the equation of conservation of 4-momen- 
tum: 2p = k,+k,+k;; for example, writing this equation in the form 2p —k;= 
k, + k, and squaring, we have 


kik. = 2m(m — w3),.... (89.12) 


The result of the calculation, which is still fairly lengthy, is 


1 [MnP = nye 16 (Z@—) + (m2) es (“ser) | 


W72W4 W1W3 WW? 


Substituting this expression in (89.8), we obtain the differential cross-section for 
three-photon annihilation: 


_  e m — a)" (™ — =) (™ — 2) 
do, 7 Tr mov ( W2W3 % W)W3 ss W@)@2 : 
d°k, d’k, d’k; 


x (ki + kz + k3)5(@; + w2 + w3— 2m) W1W203 


(89.13) 


The delta functions have still to be eliminated. The first is removed by 
integrating over d°k;, and we then write 


d°k, d’k, > 41rw? dw, : 277w} d(cos 612) dw, 


where 6,2 is the angle between k, and k; it is assumed that the integration has 
already been performed over the directions of k, and the azimuth of k, relative to 
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k,. Differentiating the equation 
w; = V(wi + 3+ 2w1H2 COS 812), 
we find 
d cos 612 = (w3/@1@2) dw3. 
The second delta function is removed by integrating over dw;. The resulting 


cross-section for annihilation with formation of photons having specified energies 
1S 


6 _ 2 oie 2 ses 2 
ie= pes (2 2) re (mo) ‘ (=) dw,dwr, (89.14) 


W1W? W1W3 W2W3 


the factor 1/6 has been included in order to take account of the identity of the 
photons in the subsequent integration over frequencies (cf. the third footnote to 
$64). 

Each of the frequencies w,, w2, w3; can take values between 0 and m; the latter 
can be reached by two frequencies when the third is zero. For given w,, the 
frequency w2 varies between m — w, and m. Integrating (89.14) over dw, between 
these limits, we obtain the spectral distribution of decay photons: 


do3, = (8e°/3um?*)F (4) do, 


wi(m — wi), 2m — w rn | aes —o) 2m(m — a] log m—-@o, 
m 


FO0= Om—a)* o: wo (2m —a,) 


The function F(w,) increases monotonically from zero when w, = 0 to unity when 
w, =m, and is shown graphically in Fig. 14. 
The total annihilation cross-section is obtained by integrating (89.14) over both 
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frequencies: 
a (w +W2—-m 
Oxy = sf f y 3+ dw, da. 
wes 1@2 
mM — ay 


The value of the integral is (7* — 9)/3, and we thus return to formula (89.6). 


§90. Synchrotron radiation 


According to the classical theory (Fields, §74), an ultra-relativistic electron 
moving in a constant magnetic field H emits a quasi-continuous spectrum with a 
maximum at the frequency 


w ~ wo(e/m)’, (90.1) 
where 
wo = v|e|H/|p| 
= le|H/e (90.2) 


is the frequency of revolution of an electron having energy e in a circular orbit (in 
a plane perpendicular to the field).f We shall assume that the longitudinal velocity 
of the electron (parallel to H) is zero, as can always be achieved by a suitable choice 
of the frame of reference. 

Quantum effects in synchrotron radiation originate in two ways: from the 
quantization of the motion of the electron, and from the quantum recoil when a 
photon is emitted. The latter is determined by the ratio hw/ce, and this must be 
small if the classical theory is applicable. It is therefore convenient to use the 
parameter 


H |p|_ He _ hoo (e \’ 
x* Hom Home ( ); (90.3) 


where Hy = m?/le|h (= m’c’/le|h) = 4.4 x 10” G. In the classical case, x ~ hw/e <1. 
In the opposite limit (vy > 1), the energy of the emitted photon hw ~ e, and (as we 


shall see below) the significant region of the spectrum extends to frequencies at 
which the electron energy after the emission Is 


E'~ mH)/H. (90.4) 
If the electron remains ultra-relativistic, the field must satisfy the condition 
H/Hy < 1. (90.5) 


The quantization of the electron motion itself is expressed by the ratio hwo/e; 
hwo is the interval between adjacent energy levels for motion in a magnetic field. 


+ In this section we shall put c = 1 but retain factors of fh. 
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Since 


hwo e = (H/Ho)(mle)’, 


it follows from (90.5) that hwy < e, i.e. the motion of the electron is quasi-classical 
for all values of y. That is, the non-commutativity between the operators of 
dynamical variables of the electron (quantities of order hwo/e) may be neglected, 
while the non-commutativity of these operators with those of the photon field 
(quantities of order hw/e) is not neglected.t 

The quasi-classical wave functions of stationary states of an electron in an 
external field can be put in the symbolic form 


p= u(p) eb (r), | (90.6) 


oo 


where ¢(r) ~ exp(iS/f) are the quasi-classical wave functions of a spinless particle 
(S(r) being its classical action); u(p) is the operator bispinor 


V(H+m)w 


eee (o- p)w 
V(H +m) 


obtained from the bispinor plane-wave amplitude u(p) (23.9) on replacing p and e 
by the operatorst 


where P is the generalized momentum of the particle in a field with vector potential 
A(r). The order of the operator factors in w is immaterial, since their non- 
commutativity is neglected, and the spin state of the electron is determined by the 
three-dimensional spinor w. 

In order to calculate the probability of photon emission in the quasi-classical 
case, it is more convenient to start not from the final formula (44.3) of perturbation 
theory but from a formula in which the integration with respect to time has not yet 
been carried out. For the total (over all time) differential probability we have§ 


3 fo +] 
k 
aw = 5, Jarl? oa ae | Vii(t) dt (90.7) 


+ The full solution of the quantum problem of synchrotron radiation was first given by N. P. 
Klepikov (1954), and the first quantum correction to the classical formula by A. A. Sokolov, N. P. 
Klepikov and I. M. Ternov (1952). The derivation given here, which explicitly makes use of the fact that 
the motion is quasi-classical, is due to V. N. Baier and V. M. Katkov (1967). A similar method had been 
used earlier by J. Schwinger (1954) to derive the first quantum correction in the radiation intensity. 

¢ In this section, unlike Chapter IV, the generalized momentum is denoted by the capital letter P, 
while p denotes the ordinary (kinetic) momentum. | 

§ Putting Vyi(t) = Vii exp(iayit), we find as = 27Vi5(wyi), and, since the squared delta function is to be 
taken as [8(w)}° > (t/277)8(w), where t is the total observation time (cf. the derivation of (64.5)), we obtain 
from (90.7) the formula (44.3) for the probability per unit time. 
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(cf. QM, (41.2)); the summation is over final states of the electron. 
Using (90.6), we can write the matrix element V;;(t) for emission of a photon a, 
k in the operator form 


__ eV (47) x (aye Ue (p) it -ik- ry ok , U(p) | -winyht 3 
Vil = — 7h) lore var ee yom 


where the operators in the square brackets act to the left; the photon field is taken 
in the three-dimensionally transverse gauge. The factors exp(+ iAt/h) convert the 
Schrédinger operators between them into explicitly time-dependent operators of 
the Heisenberg representation. We can write V;;(t) in the form 


Vat) = Y2™ (Qcn|iy em 


where Q(t) denotes the Heisenberg operator 


O(t) = DI a etek HO sup) (90.8) 
V (2H) V (2H) 


and the matrix element is taken with respect to the functions dy, ¢j. 
The summation in (90.7) is taken over all final wave functions ¢,, and is effected 
by means of the equation 


2 b *(r')o;(r) = 5(r' — 4), 


which expresses the completeness of the set of functions d¢,. The result is 


dw = 2K fat, [dts eG Q*(EQUIII. (90.9) 


If the integration is over a sufficiently long time interval, t,; and t; can be replaced 
by new variables 


T=t),—hh, t= 4(t)+ tr), 


and in the integral over t the integrand may be regarded as the probability of 
emission per unit time. Multiplying by hw, we obtain the intensity 


dI = £ d°k e-"(i1Q*(t + 47) Q(t — 4r)li) dr. (90.10) 


An ultra-relativistic electron radiates into a narrow cone at angles 6 ~ m/e 
relative to its velocity v. The emission in a given direction n = k/w therefore occurs 
over a section of the path in which v turns through an angle ~m/e. This section is 
traversed in a time 7 such that t|v| ~ two ~ m/e < |. This region gives the principal 
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contribution to the integral over +r. In the subsequent calculations, we shall 
therefore expand all quantities in powers of wot. It may, however, be necessary to 
retain more than just the leading term in the expansion, because of cancellations 
which occur since 1—n- v ~ 6? ~ (m/e)’. 

If the operator Q*Q is reduced to a product of operators which commute (to 
the necessary degree of accuracy), the taking of the diagonal matrix element 
(i|... |i) is equivalent to replacing these operators by the classical (time-dependent) 
values of the corresponding quantities. This is achieved in the following way. 

According to the foregoing discussion, in the expression for Q(t) only the 
non-commutativity of the electron operators with the photon field operator 
exp(— ik - r(t)) need be taken into account. We have 


p ek F on eH hk), 


ies ees (90.11) 
H(p) e“** = e"* "Hp - hk). 


These formulae follow because e~‘“’' is the displacement operator in momentum 
space. Using (90.11), we can take the operator e “'™? out on the left in 


(90.8), and write Q(t) in the form 


Are) = o ik HOB R(t) = uj (B') . ot ui(D) ; 
Q(t) =e * R(t), (1) = Toy 8 Gort (90.12) 


where H’ = H — ha, p' = p— hk. 
Then 


Q07Q,=Rie™ Pe ™ *R,; (90.13) 
here and henceforward, the suffixes 1 and 2 denote the values of quantities at the 
times t;=t—4r and t,=t+4r. It remains to calculate the product of the two 
non-commuting operators e'“’® and e”“'"'. This product itself may be regarded as 
commuting with the remaining factors. 

We write 


L(t) = e ier eik- Fe e Wik tL (90.14) 


this being the combination of operators which appears in (90.10). The operator e!4/* 
is a time-shift operator, and so 


eik-f2 — giAria pik-# 9—iArin 


Substituting this in (90.14) and noting that e'* is a displacement operator in 
momentum space, we find 


U(r) = exp{i{H — hw)]7/h} exp{—iH (p1 — Ak)z/h}. (90.15) 


Differentiating (90.15) with respect to + and again using the properties of the 
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‘time-shift operator, we havet 
d|dt = (i/h) exp{i(H — hw)7/h}(H — ho — H(p, — hk)] x 
x exp{—iH (p; — tk)7/h} = (i/A)[H — ho — A (p.— hk)|L(7). (90.16) 
Having thus made use of the non-commutativity of the operators, we can 


replace all the operators by the corresponding classical quantities (the Hamiltonian 
H by the electron energy €). We have identically 


€ (p2 — hk) = [(p2 — hk)’ + m?]'” 
= ([(e — hw)’ + 2h(we —k- p,)]!”. 
The difference 
we —kK+ po = we(1 —n: v2) 


is small, since from the above analysis 1—~v-n~(m/e)’. As far as the first order in 
this difference, 


€(p2 — hk) = e'+ (e/e)h(w —k-v>), 
where ec’ = e — hw. From (90.16), we now find the differential equation for L(7): 
indL/dt = (ele')h(w —k+ v2)L. (90.17) 


This equation is to be solved with the obvious initial condition L(0) = 1. Since 


T 


i dr =r.—1r1, 
0 
we have 


L(1) = exp{i(e/e')(k -r2—k +r, — wr)}. (90.18) 
So far, no use has been made of the specific form of the electron trajectory. 


Now expressing r, —r, in (90.18) in terms of p; by means of the equation of motion 
of the electron in the plane perpendicular to the field H (see Fields, §21): 


rn = Bt sin 2 4 a (1- cos 27), 


and expanding in powers of 7 gives 
. 2ny2 
k-(r2—n)— or ~ar{(a-vi— 1)+7 PBR 2 SE} (90.19) 


where in the last term we have put n- vy; ~ 1. 


t Because of the conservation of energy, the Heisenberg operators H (p.) and A(p») are the same; we 
shia omit the arguments of H in such cases. However, H(p:— Ak) is of course not the same as 
(po — Ak). 
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We next transform the remaining factors in (90.13). A direct expansion of the 
product in R(t), using the matrix @ from (21.20), leads to’ 


R(t) = w7e* -(A+iB x o)w, 
ff des dh Ae 
A=4p(-+—)= ae! YS (90.20) 
B= 1(—P_ - —P_) ~ 3 (n- v+vm/e), 


Netm e'+m 


where p'(t) = p(t)— 4k; terms of higher order in m/e are omitted. Thus we have 
finally 


e-"(i]Q7Qili) = RERiL(s), 


90.21 
R$R, = tr (1+; - o)(A2— iB, x o) +e (1+ + o)(Ai + iB, X 0) ad aon 


The factors 4(1 +€-o) are two-rowed polarization density matrices of the initial 
and final electron. 

Let us consider the radiation intensity summed over the polarizations of the 
photon and of the final electron, and averaged over the polarizations of the initial 
electron. These operations give, after a simple calculation,f 


‘> RIR == SF w=) +5 (2) (2). 


polar. E E 


With sufficient accuracy we can put 


Substitution of these expressions in (90.21) and thence in (90.10) gives 


2 
dI = — 7-3 w? dw dog x 


f (m? e+e wre 
xf (% +2 Foi’) exp{- 4 (1-n- vite wd) } dr. (90.22) 


_ 


t This calculation makes use also of the following result. In the summation over e, 
> (v, --e)(v2 > e*) = vi ° v2 ~ (vi ° n)(v2° Nn). 
On substituting (90.21) in (90.10), we can integrate by parts, noting that 
(vi n) exp(—i5k- ri) Bean OP(-i nk : ni), 


and similarly for v.-n. Consequently, in the remaining integration v;-m and v2-n can be replaced by 
unity. 
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This formula shows the frequency and angular distribution of the radiation in- 
tensity. 

To find the frequency distribution, we integrate over do,. If the direction of v is 
taken as the polar axis, with an angle 0 between n and v, then 


n-v=vcos 9%, do, = sin 0 dé dd, 


and 


[ex (se | do a 2Tre' {ex (“232) - ex (- wre) 
Pie! "  [wTrEev Pe P e' JJ 


When this is substituted in (90.22), only the first term need be retained, since the 
second term yields a faster varying exponential (with a factor 1+ v ~ 2 instead of the 
small 1 — v = m?/2e’). Hence 


dI __ie’w m> es? +e” iwte : 
dw 2m | (+ 2E€' +) exp|- e’ (1-0 + Fe 3) ar, 


According to the integral representation of the Airy function ® (see QM, 8b), the 
first term reduces to the integral of the Airy function, and the second term to its 
derivative. The final result is 


o = some ors (f (E) dé + (= +2 vr low}, (90.23) 


2/3 


x =(hwle'y)?? = (m?/e?)(ew/&' wo)? (90.24) 
(A. I. Nikishov and V. I. Ritus, 1967). The frequency distribution has a maximum 
when x ~ 1;-for y <1, we find (90.1), and for y >1 (90.4). In the classical limit, 
fw K<e'~6,x= (w/wo)(m/e); the second term in the round brackets is small, and 
(90.23) becomes the classical formula (Fields, (74.13)). 

Figure 15 shows diagrams of the frequency distribution for various values of y. 
The quantity 


1 dI 
31/2 d(w/w,) 
is plotted against w/w,., where 
he. = -EX _2e’m*y’ _ 2e*H’e’ 
We = Tey’ cl th ene rr ae 


The quantity I, is the classical value of the total radiation intensity; cf. Fields, 
(74.2). 
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To calculate the total radiation intensity, (90.23) must be integrated with respect 
to w from 0 to ec. We change to integration with respect to x, noting that 


| 
hw = e(1-75,5m). 


and x therefore varies from 0 to ©. With two integrations by parts in the first term 
in (90.23), we find 


e*m2 2 x24 Ay? x 
- EX, ji ras Xk O(x)x de, (90.25) 


Figure 16 shows a graph of the function I(y)/Iq. 
When y <1, the important region in the integral is x ~1. Expanding the 
integrand in powers of y and integrating by means of the formula 


fo 9] 


| x’®'(x) dx = - 


0 


30 OT Gv + DTPGr +3), 


we obtain 


I = Ta(1 ~5N3 y+ 48y?—--), (90.26) 


When x > 1, the important region is that in which yx°*? ~ 1, i.e., x <1. In the first 
approximation, we can therefore replace ®'(x) by ©’(0) = —3"*T'()/2V a, and the 
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cand Lom! 
cel 


integration then leads to the result 


_ 32F@e?m? 


is 2/3 
Ty —s43K? OX) 


2 e?-m He 2/3 
= 0.37 SF ( an) (90.27) 
Synchrotron emission causes the occurrence of a polarization of electrons 
moving in the field (A. A. Sokolov and I. M. Ternov, 1963). To discuss this, we 
have to find the probability of a radiative transition with spin reversal. 
Putting in (90.21) G = —G, =6, |¢| = 1, we have 


R*R, = B, : B, — (e* - B,)(e - Bz) — (e* - B, x C)(e: Bz x C) — i(C - e* )(e- B, X Bz). 


Summation over polarizations of the photon gives, after a simple calculation, 


> R4R, = (Bi + B:)(1— (C+ m)”) + (f- n)(n- B,C - B) + 


+(€-n)(n - B2)(C + Bi) — i(C— n(n f))- Bix Bz = (90.28) 


We shall assume that y <1 and seek only the principal term in the expansion of 
the probability in powers of h. Since the expression (90.28) (with B given by (90.20)) 
already contains h’, all the remaining quantities ce’, including those in the exponent 
in (90.18), can be replaced by e. 
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With the expansions 
_ @ ee =) 
B, 6 (n vt+oTvt+v a 


@ Tits m 
B =~ (n-v- w+vm) 
p) Ie 2 € ’ 
r. 


r2—-Tr = 7yv+— 
74° 


and substituting (90.28) in (90.21) and thence in (90.10), we find the differential 
transition probability per unit time (dw = dI/hw). The integration over d *k is carried 
out by means of the formula 


[faye £4 = - fia A, (90.29) 


where in this case 


2 yee. 
m TW 
Xo=7 KEM, x°=x§p-x? = 7? ("+ 8, 


The result of the calculation is 


Sin Gn) ef creep Lem Ta (Baa )e wae 


where z = twoe/m and the contour of integration passes below the real axis and is 
closed in the lower half-plane. After this integration we finally obtain for the total 
probability of a radiative transition with spin reversal 


5V3a h 2-2 8V3 e | 
0 = NG (fe) 08(1 I-A ee) =— 


where (,;=€-v, (, =€-H/H. This formula is valid for both electrons (e <0) and 
positrons (e > 0). 

The probability (90.30) is independent of the sign of the longitudinal polarization 
¢; but depends on that of ¢,. The polarization resulting from the emission is 
therefore transverse.t For electrons, the probability of a transition from a state 
with the spin parallel to the field (¢, = 1) to a state with the spin antiparallel to the 
field is greater than that of the opposite transition. The radiative polarization of the 
electrons is therefore antiparallel to the field, and the degree of polarization in a 


t This is also evident from the fact that the axial vector of the resultant polarization must be along 
H, which ts the only axial vector occurring in the problem. 
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stationary state is (when ¢; = 0) 


w(f,=-l—w=1)_ 8V3_ 
(==) Ie 


Positrons are polarized, to the same degree, parallel to the field. 


§91. Pair production by a photon in a magnetic field 


The production of an electron—positron pair by a photon in a magnetic field, and 
synchrotron radiation, are two cross-channels of the same reaction. The amplitude 
M,;, of the pair production process is therefore found from the synchrotron 
radiation amplitude by simply making the changes 


€,P—> — £4, —Dps e',p > €-, p-; w,k—~> — w,—k. (91.1) 

Here e-_, p- and e,, p, are the electron and positron energies and momenta; «, p and 

e', p’ the initial and final energies and momenta of the electron in synchrotron 

radiation. In terms of angles and magnitudes, the momenta are transformed 
according to 

Ipi> |p, plop], 927-6, 06, b> -7, (91.2) 

where 6. are the angles between p. and k, ¢@ the angle between the kp, and kp_ 

planes. 
For synchrotron radiation, the cross-section is given in terms of the amplitude 


byt 


d°p' d°k. 
a5 ae (91.3) 


U 


1 
_ing 2 oe = 
do = |M,i| ple’ S5(e—e€ 


see (64.25). The delta function is eliminated by integrating with respect to «'. Since, 
in the present case, p’ and k are independent variables, and 


d°*p'=\p'le’ de’ do’, d°k = w’ dwdo,, 
we have simply to substitute 
5(e —e'—w) d’p' dk >w'|p'le' do, do’ dw. 


Then 


do = |Myi|’ ‘ea do, do dw. (91.4) 


+t In this section we again put A = | as well as c = 1. 
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For pair production by a photon, the cross-section is given in terms of the 
amplitude by 


d*p. d°p- 
5(w — &4- oa 


Swe_e4 


or, after elimination of the delta function, 


do = [M,il’ 


8 (ar) do, do- de,. (91.5) 


Comparison with (91.4) shows that, to obtain the pair production cross-section 
from the synchrotron radiation cross-section, we have to make in (91.4) the 
changes (91.1), multiply by 


(pi/w’) des/dw, (91.6) 


and replace do’ do, by do, do-. 

In the ultra-relativistic case w > m,t this can be done in the formulae derived in 
§90. Here it is assumed that both particles in the pair are ultra-relativistic; it is 
easily verified that all the approximations used in §90 then remain valid. 

In particular, the probability of pair production by an unpolarized photon, 
summed over the electron and positron spin projections and integrated over the 
directions of emergence of the electron, is found on making the changes (91.1) in 
(90.22) (or rather in the expression for dI/dw), with d°k = w? dw do, replaced by 
d°p.: 


x exp] ore (1 —n-v, eee wi.)| dr. (91.7) 


where wo. = |e|H/e,., and n is a unit vector parallel to the photon momentum, which 
lies in the plane perpendicular to the magnetic field. The integration is carried out in 
the same way as in §90, and (since (91.7) depends only on the angle between n and 
v.) it does not matter whether we integrate over do, or over do,. The result can 
therefore be obtained directly by analogy with (90.23): 


gee a: f @(E) dé + (=- KVx) ox), (91.8) 


t More precisely, we must have w sin 0 > m, where 9 is the angle between k and H; when 9 = 0, no 
pairs are formed. In what follows, we shall take 3 = 27. 
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where now 


x= (mw/le|Hese-)>, 
(91.9) 


x = |e|Hw/m? (= h’|e|Hw/m’c’). 


The total pair production probability per unit time is found by integrating (91.8) 
with respect to e.; in view of the obvious symmetry in e, and e«-=w-— eu, it is 
sufficient to take twice the integral from 0 to }w. Changing variables from e, to x and 
integrating by parts in the first term in (91.8), we obtain 


pi = 1 [22 
oe eH { (CE ou i 3(x3? re | Ae 


re x AG Ax) (91.10) 


(4/«)23 


(A. I. Nikishov and V. I. Ritus, 1967). 

In the limit of weak fields (x <1), values of x near the lower limit are important 
in the integral (91.10). Since these values are large, we can use the asymptotic 
expression for the Airy function, 


| : 
(x) ~ sa exp(—3x™); 


see QM, §b. With the variable of integration y =x*?—4/x, and putting y =0 
wherever possible, we find by calculation 


3/2) 13 
we ee eS <1, (91.11) 


m 


The exponential decrease of the probability as «—-0 corresponds to the im- 
possibility of pair production in the classical limit. 

In the opposite limit of strong fields (x > 1), only the second term in (91.10) is 
important, and it is governed by the range of x for which x*’~ 1/« <1. In that 
range, ®'(x) may be replaced by ©’(0) = — 3°1(2)/202. With the value of the integral 


[ y-ray =Po - wT U)TOY, 
1 


we find 


3" x 51°) [eH _ 3 1/3 . 
= Ie (7/6) mx = 0.38/e/Himk'’, «>. (91.12) 


The function mw(«)/|e]H has a maximum value of 0.11 at « ~ 11. 
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§92. Electron—nucleus bremsstrahlung. The non-relativistic case 


This section and those following are concerned with the important phenomenon 
of bremsstrahlung, the radiation emitted in a collision between particles. We shall 
first consider a non-relativistic collision between an electron and a nucleus, 
assuming that the nucleus remains at rest; that is, we consider radiation from the 
scattering of an electron in the Coulomb field of a fixed centre (A. Sommerfeld, 
1931). 

We begin from formula (45.5) for the probability of dipole radiation: 


dw =(w*/27)le* + dy|’ doy. (92.1) 


In the present case, the initial and final states of the electron belong to the 
continuous spectrum, and the photon frequency 


w = (1/2m)(p’- p”), (92.2) 


where p= mv and p’ = mv are the initial and final momenta of the electron. If the 
initial and final wave functions of the electron are normalized to ‘“‘one particle per 
unit volume” (V = 1) the expression (92.1), on multiplication by d’p'/(27)*> and 
division by the incident flux density v/V = v, will give the cross-section doy, for 
emission of a photon k into the solid angle do, with scattering of the electron into 
the range of states d’p’. Replacing the matrix element of the dipole moment d= er 
by that of the momentum: 


we can write the expression for the cross-section in the formt 


2 
we ; 
dow = Gryhnp le** Pril’ dou d’p’, (92.3) 


where 
pn = [ vtpyid’x =-i | ypVya'x 


For yj and yw, we must use the exact wave functions in an attractive Coulomb field, 
whose asymptotic form consists of a plane wave and a spherical wave. The 
spherical wave must be ingoing in yy and outgoing in yw; (see QM, $136). These 
functions are 


Wi = Aj e'P TE (ip, l, i(pr —p ‘T)), y= Ze’mlp; (92.4) 


Wr = Ay e'P TF (—iy’, 1, —i(p'r + p . r)), p= Ze’mlp', 


t In this section, p and p’ denote |p| and |p’| respectively. 
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with the normalization factors 

Av=e"™’T(—iv),  A;=e™?T(1 + iv’). (92.5) 
Since 


VF (iv, 1, i(pr—p-r)) =i(prir— p)F' 


=-2 (=) 
r \op/,’ 


we can write the gradient Vu; as 


= inal. — ein B (2) 
Vii ipa Aj e r \ap 2 


On multiplication by y%# and integration, the first term vanishes, because yj; and yy; 
are orthogonal. The matrix element p,; 1s therefore 


Pri = iA;AspdJ/dp, (92.6) 


where J denotes the integral 


-iq'r 
j= [Fe ' 1,i(p'r+p'-r))F(iv, 1, i(pr—p-r)) d?x, 
: (iv (p'r+p'-r)) pr-p (92.7) 


q=p—p. 


The symbol d/dp has been taken outside the integral, with the understanding that, in 
the differentiation of J, the quantities v, v’, q are to be regarded as independent 
parameters, v and q being expressed in terms of p only after the differentiation. 

The integral is calculated by replacing the confluent hypergeometric functions 
by their expressions as contour integrals. Here we shall give only the result:t 


J = BF(iv’, iv, 1, z) 
B=4n e"(-q@ os 2q : p) "’(q@’ — 2q . py) "(qr (92.8) 


a, *(pp'+p-p')— 2(q: pq: p’) 
(q°-2q:p’)(q+2q-p) "| 


Here F(iv’, iv, 1, z) is the complete hypergeometric function. 
After differentiating in (92.6), we can put q = p’— p; then 


z=-2PP BOP, q?=(p—p'¥(1-2) (92.9) 


tThe calculations are given by A. Nordsieck, Physical Review 93, 785, 1954. 
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(z <Q). Also, 
~q’~2q+p=q'—2q: p'=p'—p">0. 


The matrix element is thus finally found to be 


Sri er p + p' —i(v+y’') 
; = AjA oon (B=) x 
a ‘(p—p(p +p’) \p—p 


x (1— 2)'*"'LivpqF(z) + (tf - z)F'(z)(p'p— pp’), (92.10) 
where we have put for brevity 
F(z) = F(iv’, iv, 1, z). (92.11) 


The cross-section is obtained by substituting (92.10) in (92.3), but the general 
formula is very lengthy and obscure. We shall therefore go on immediately to 
calculate the spectral distribution of the radiation, i.e. to integrate the cross-section 
over the directions of the photon and the final electron. 

The integration over do, and the summation over the polarizations of the photon 
are equivalent to averaging over all directions e and multiplication by 2 x 47, Le. to 
the substitution 


eet doy > (8 77/3) dix. 


The cross-section ts then 


Zeal 
= SEP pal? deo doy. (92.12) 


The value of |p,i|? is calculated by using (92.9)-(92.11) and the formula 
[PC — iv)? = av/sinh wv. 


The result is 


P 32m(Ze*)'m? 


Ips p(p+py(p—p)(l-e 2” Ve” — 1) ‘ 


Zz 
l-z 


x {PP FP ZIP P+ hie + ¥ (FF*- F*F)}, (92.13) 


To integrate the cross-section (92.12) over do, = 27 sin &d%, we change from 
the variable 9 (the scattering angle) to 


’ — n\2 
z= et —cos $), doy» =P —ph dz. 
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In order to integrate with respect to z, we transform the expression in the braces in 
(92.13) as follows. According to the differential equation of the hypergeometric 
function (see QM, (e.2)), we have 


z(1—z)F"+[{1-(+iv + iv’)z)F'+ vv'F =0, 
z(1-—z)F"*+(1—(1 — iv — iv')z]F'* + vv'F* = 0. 
Multiplying these equations by F* and F respectively and adding, we obtain 


wavy 


(1- 2)| 5 2(F'F* + F’*F)—2z|F'?+ (F'*F — F'F*)+ ay SIEr |=°. 


Hence the expression in the braces in (92.13) 1s seen to be 
{- }=-44(F'F*+ FF) (92.14) 
2 dz : 


and the integration is immediate. 
Collecting the above formulae, we find as the final expression for the brems- 
strahlung emission cross-section in the frequency range dwt 


647? _, _mic p! 2\ dw 
do, = 37° —_ he NGepy p’) p 6| = ay ar 1) (-< dé |F (é)| )e ’ (92.15) 


where 
v = Zamclp = Ze’/hv, —ov' = Ze?/hv’, p'=V(p?—-2mha), 
F(g) = F(iv’, iv, 1, §), € = —4pp'I(p — p'y. 
Let us consider the limiting case where both velocities v and v’ are so large that 


vy <1, v’ <1 (but, of course, still with v <1, so that Za < vy <1; this is possible only 
if Z is small). To calculate the derivative F’(é) in this case, we use the formula 


5 F(a, B, 2) = 98 F(a + 1,8 +1,y+1,2) 


which is easily obtained by simple differentiation of the hypergeometric series. 
Then 


F'(é) ~ iv iv’F(1, 1, 2, €) 
= (vv'/&) log(1 — &); 


the last equation is evident from a direct comparison of the corresponding series. 


+t Formulae (92.15)-(92.25) are given in ordinary units. 
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For the function F(é) itself, we have simply 
F(€) =~ F(0, 0, 1, €) = 1. 
Then, from (92.15), 


se" v+v' dw 
do, RZ’ are slog Lt ape (92.16) 


Ze’/hv <1, Ze*/hu' <1. 


The smallness of v and v’ is just the condition for the Born approximation to be 
valid in the case of Coulomb interaction. Formula (92.16) itself can therefore be 
more simply obtained directly by means of perturbation theory (see Problem 1). 

Now let a fast electron (vy <1) lose a considerable fraction of its energy by 
radiation, so that v'<v and v’ may not be small. Then 


—&=4p'/p =4v/v' <1, 
F(€) = F(iv’, 0, 1, €) = 1, 
F'(€) = — vv'F(1 + iv’, 1,2, €) = — wv’, 


and the cross-section is 


647 Cc l deo 
do, = —— Z°a’ n(e ) = ST 
3 1—exp[—27Ze*/hv'] w’ (92.17) 
Ze’/hv <1, Ze*/hv' = 1 


When v’ <1, this formula yields the same limiting expression, 


2,./ 
c°v’ dw 
do, =} Zar, 


as (92.16) does when v’ < v. Hence formulae (92.16) and (92.17) jointly cover the 
whole range of v’ (when v <1). 
When w > wo, where fiwo = 4mv’, the velocity v'>0 and v’>~. In this limiting 


case, (92.17) gives 


para (92.18) 


, 1287 Easel 2 2 Al cy ide 
a ie rey 

Thus do,/dw tends to a finite limit as w—> wo. This can be explained in a general 
manner by arguments similar to those given in QM, §147. The physical reason is 
that the frequency w is the limit only of the continuous bremsstrahlung spectrum. 
The electron can also go to a bound state with emission of a frequency w > wo. But 
highly excited bound states in a Coulomb field have properties almost the same as 
those of the free states near their limit. Hence the boundary between the con- 
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tinuous and the discrete spectrum is not essentially a physically distinctive point. 

Let us now consider the case where both parameters pv, v’>1. The motion of 
both the initial and the final electrons is then quasi-classical. If the condition 
hw <p’/2m is also satisfied, the matrix element too is quasi-classical. Then the 
formula of quantum mechanics must become the result given by the classical 
theory (see Fields, §70). We shall, however, suppose that p’?/2m ~ hw, so that we 
need an asymptotic expression for the function F(é) when v, v'>o and €~1; a 
more exact condition will be stated below, (92.24). 

To derive this expression, we start from the integral representation of the 
hypergeometric function, QM, (e.3), writing it as 


—Tpv’ 
F(ipv’, iv’, 1, €) = ea ? rr" — tyr — te) dt’, (92.19) 
em 
where 
p=vi[v', 0<p<l, 
so that 
€ = —4p/(1— p)’. (92.20) 


The contour of integration is taken as shown in Fig. 17, passing along part of the 
real axis and avoiding the points t = 0 and t = 1.T 

When pv, v'>1, the value of the integrand is small on the lower part of this 
contour, and may be neglected. On passing downwards round the point t = 0, the 
integrand is multiplied by the small factor exp(—27pv’), and on passing upwards 
round t = | it is multiplied by exp(27pv’). The integral 


(92.21) 


F= | evf® dt/t 
Qt i 


= 1? 
FO= Noe ap ty 


may be calculated by the saddle-point method. The saddle point to is given by the 
condition f’(to) = 0, whence ty = (1 — p). At this point, however, the derivative f"(to) 
is also zero, so that we must write 


f(t)=f(to.) +tiar’, 1r=t-tp, 


Ss) 


t=0 tz 
Fic. 17. 
t For the hypergeometric function F(a, f, y, €), the contour is to be chosen so that the function 
V(t) = e't? "th? 


returns to its initial value on passing round the contour. When y is integral (here, y = 1), the contour 
chosen satisfies this condition. 
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where 


i= he ja 16 
f(ts) = 2mp +i(1+ p)logsF, a = 5; f"(to) = G—o. 


The coefficient 1/t of the exponential in the integrand may be written 
1/t ~ I/to— 7/td; 


we cannot here take simply the term 1/to, as this would reduce to zero the 
derivative d|F(€)|?/dé in (92.15). Thus we have, after an obvious substitution in the 
integrals, 


I rei 
F ~ Tritlav "3 CXPI- apv' + v’f(to)} x 


x {- | e®” dx + avy? | xe dy | (92.22) 


—2® 


The two integrals here are, respectively, 


ic.) 


2 | co 4x3 dx = pray: 
2 | x sin 3x? dx = 3'%(§). 
0 
The derivative F'(é) is calculated similarly; according to (92.19), it is given by an 


integral which differs from (92.21) only in that the coefficient 1/it of the exponential 
is replaced by v’/(1 — ét). A simple calculation then leads to the result 


_d 7 @ es py een 
dé |F(é)? = 4V31p : 


Finally, substitution of this in (92.15) gives, with the necessary accuracy, the 
simple expression 


22 
do, = St Zar? or ao: (92.23) 


The condition for this to be valid, i.e. for the asymptotic formula (92.22) to be valid, 
is that the second term in (92.22) should be much less than the first: (1 — p)v > 1, or, 
expressing the parameters of the hypergeometric function in terms of physical 
quantities, 


hw > (hv/ Ze’) -imv’. (92.24) 
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This inequality is compatible with the quasi-classicality condition hw <jmv’, ie. 
1—p <1. When the latter condition is satisfied, the result must be the same as the 
corresponding formula in the classical theory, since on multiplication by hw the 
expression (92.23) becomes the classical formula (Fields, (70.22)) for the ‘‘effective 
retardation” in the high-frequency limit.f In order to go to the classical formulae 
throughout the range (1—p)v~1, vy >1, we should have to find the asymptotic 
form of the hypergeometric function when the saddle point is close to the 
singularity t = 0; we shall not deal with this here, since the final result is obvious. 

All the formulae given above refer to an attractive Coulomb field. The cross- 
section for emission in a repulsive field is obtained from (92.15) by changing the 
signs of v and v’. Then, in particular, the limiting Born formula (92.16) remains 
unaltered, but in the limit v <1, v’ > we have instead of (92.18) 


_ 1287 2, a(S) (-WomedaZa) hd 
do. > Zar: 2 exp Gis fo) ean (92.25) 


i.e. the differential cross-section tends exponentially to zero as w > wo. This result 
also is reasonable: in a repulsive field, there are no bound states, and the frequency 
wo is the true boundary of the radiation spectrum. 


PROBLEMS 


PROBLEM 1. In the Born approximation, find the bremsstrahlung cross-section for a non-relativistic 
collision of two particles having different values of the ratio e/m. 


SOLUTION. The dipole moment of two particles with charges e;, e2 and masses mj, m2, in their 
centre-of-mass system, is 


where p = mim2/(m, + m2), r =r: — 12. Hence 


d= (1-2 )yi = _ (S-2)y se 
m,; m2 my nt? r 
The matrix element is 
=< 1 et ee: 
dop= ae (d)pp, w =(p p’)[2p, 


where p= wv, p' = pV’ are the momenta of relative motion, and it is calculated from the plane wavest 


wp=er, bp =ePr 


by means of the formula 


+ The agreement of the formula (92.23) for Aw do. with the classical formula, when the one condition 
(92.24) is satisfied, is to some extent accidental. In the classical formula, the difference between v and v’ is 
beyond the accuracy postulated, and there is no reason to identify vo in Fields, (70.22) with v specifically; if 
vo is identified with v’, there is no longer agreement with (92.23). 

+ The replacement of two particles by a single particle having the reduced mass is, of course, 
permissible only in the non-relativistic case. 


§92 Electron—Nucleus Bremsstrahlung 397 


The result is 


2,2 2.7 2 
(87 (er 2) dw 
dorp ae (S <2) out q)(e* - q) 35 doy dox. 


After summation over polarizations, the angular distribution of the radiation is given by a factor 
sin’? @, where © is the angle between the direction of the photon k and the vector q, which lies in the 
scattering plane (see (45.4a)). 

After integration over the directions of the photon we have 


d 6 5292 ea en) vi de sin 6 dé 
Cue = -—) -—-— 
es : m, Mm2/ v w v'+v'"—2vv' cos 0’ 


where 6 is the scattering angle. Finally, integration with respect to 6 gives 


(2-2) Ino v+v'dw 
mi m2) v? v-—v' w 
For radiation in the field of a fixed centre of Coulomb force, this formula is equivalent to (92.16). 


PROBLEM 2. In the Born approximation, find the bremsstrahlung cross-section for a non-relativistic 
collision of two electrons.f 


SOLUTION. In this case there is no dipole radiation, and we must therefore consider quadrupole 


radiation. In the classical theory, the spectral distribution of the total intensity of quadrupole radiation is 
given by 


I. = 46|(Di)ol’, 


where Dx = E e(3xixe — r°Si) is the quadrupole moment tensor of a system of charges.t For two 
electrons we have, in their centre-of-mass system, 


Di = 2e(3xixx = r’ Si), r>-fry~fr2. 
In the quantum theory, the Fourier components must be replaced by the matrix elements (cf. the 
discussion of dipole radiation in §45), and, with appropriate normalization of the wave functions (plane 


waves) and division by the photon energy w, we obtain the cross-section for emission of radiation with 
scattering of the electrons into the range of states d°p 


do, 55 (Bidvol ey 


where v = 2p/m is the initial velocity of relative motion; the emitted frequency w =(p’— p”)/m. 
The operator Dx is calculated by threefold commutation of the operator Dx with the Hamiltonian 


Ne 


bf 


a2 
mor 
and is§ 
ste 2 iin a i a A i a a a 
Di = ze! GE Px + pr *) +6(% pit pi *)- 9( = pi + pi xa) 8 (% pit pr I. 
m r r r r r r 
t The collision velocity v satisfies the conditions a <e?/hv <1. The classical case (e7/hv > 1) is 


discussed in Fields, §71, Problem. 


+ This formula is obtained from Fields (71.5) in the same way as (67.11) in that book is derived from 
(67.8). 


§ This expression is analogous to the classical form 


4e? 
Da =—z *, [65 +65 pi- 9p r—- + Bup rl, 


which would be obtained on differentiating Dx and using the classical equation of motion: 


1. 
amr = e’r/r’. 
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Since the two particles (electrons) are identical, the matrix elements are calculated from the wave 
functions 


b= aa(e™ tee”, b= ale" THe", 


where the signs + and — correspond to total spins 0 and 1! of the electrons (interchange of the electrons 
corresponds to changing the sign of r). 
The lengthy calculations lead to the following formula for the spectral distribution of the radiation: 


4 fqn 3x? 1202—x)8-7(2-x)’x?-3x* 1 Vx) 
do. = ari} 17 Og O-pvaew as) cosh 7p dx, 


where x = w/e and « = p’/m is the initial energy of relative motion of the electrons; the cross-section is 
averaged over values of the total spin of the electrons. The cross-section for energy loss by radiation is 


1 | wdow = 8.1 ar? 
0 


(B. K. Fedyushin, 1952). 


PROBLEM 3. Determine the energy of the radiation resulting from the emission by a nucleus of a 
non-relativistic electron in the s state. 


SOLUTION. The wave function of the emitted electron is an outgoing spherical s wave normalized 
to unit total flux: 


1 ee 


4 = Va) or’ 


see QM, (33.14). As the wave function of the final state of the electron (after emission of the photon), 
we choose the plane wave 


wy = er 


The transition matrix element is 


pyi = (py)* = (| vtbw ax) 


the integral is calculated by means of (57.6a). The radiation energy is given by (45.8) on multiplying by 
d’p'/(27) and integrating over the directions of p’ (which is equivalent to multiplying by 47). The 
spectral distribution of the emitted energy is then 

dE, = (2e’v”/3av) dw. 
When w — 0, the final velocity v' of the electron tends to v, and the formula agrees, as it should, with the 


non-relativistic limit of the classical result; see Fields, §69, Problem. The total emitted energy is (in 
ordinary units) 


4 v\? 
1 


where c = imv’ is the initial energy of the electron. 


§92 Electron—Nucleus Bremsstrahlung 399 


PROBLEM 4. Determine the energy of the radiation resulting from the reflection of a non-relativistic 
electron from an infinitely high potential barrier. 


SOLUTION. Let the electron be moving perpendicularly to the barrier. Although the photon may be 
emitted in any direction, in the non-relativistic case the photon momentum is small compared with the 
electron momentum, and we may therefore suppose that the reflected electron also is moving per- 
pendicularly to the plane of the barrier. Let the barrier be at x = 0, and the electron be moving on the 
side where x > 0. The wave functions of the stationary states of one-dimensional motion, normalized by 
5(p/27) (p = px), have the form of stationary waves (see QM, §21): 


yi = 2 sin px, wy = 2 sin p’x. 


The matrix element of the operator p = px is 


oo 


Pa eee ee) ee 
Pri = 4i | sin p’x & sin px dx 


0 
.__Pp: 
oi aa ener, 
p —p 
integrals of this form are to be understood as the limit, as 6 > + 0, of the values obtained by including a 
factor e™ in the integrand. 
The energy radiated in a single reflection of the electron is found from (45.8) by multiplying by 
dp'= dw/v' and dividing by v/27 (the flux density of the wave approaching the barrier in the initial 
function yi): 


_ 4w’e? 227 dw 
dE. = 3m Iprl vu’ 


_ 8 2 ’ 
=3, eve dw. (1) 


At low frequencies (w <« = 3mv’) we have v’ = v, and formula (1) becomes the classical formula (Fields 
(69.5)), which has to be integrated over angles, using the fact that v =3Av, where Av is the change in 
velocity of the electron on reflection; this is as it should be, since the condition for the collision time to 
be small (Fields, (69.1)) is always satisfied in reflection from a barrier. The quantum formula (1), 
however, also gives the total emitted energy (in ordinary units): 


7 r dE, 16 vw 
ae Fo 1° = on ME 


PROBLEM 5. Determine the bremsstrahlung energy in the scattering of a slow electron by an atom. 
SOLUTION. With the condition pa <1 (where a denotes the atomic dimensions), the scattering by 
the atom is isotropic and does not depend on the electron energy; see QM, §132. The wave functions of 
the initial and final states of the electron may be written 
wi = e'?'' + fe /r, wy =e + fe? Ir, 
where f is the constant real scattering amplitude. These expressions pertain to the asymptotic range of 


distances r>a, which in the present case is the important range: r~ 1/p >a. The matrix element 
calculated from these functions is 


Pri = (277f/w)(v — v’); 


the integrals are calculated as in Problem 3. Substituting this expression in (92.12), we obtain the 
cross-section for radiation with scattering of the electron in the direction p’, in ordinary units, 


_2ap' oy dw 
dow = 5 Fav v) dou, (1) 


where daz = f’ doy is the differential cross-section for elastic scattering. When hw < p?/2m, we can take 
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p ~ p’,and this formula then becomes, as it should, the non-relativistic expression for the emission of soft 
photons; see §98.t 
Integrating (1) over the directions of p’, we obtain 


ie: = che ree 2, (2) 


where oa = 4nrf’ is the total elastic scattering cross-section. Lastly, multiplying by fw and integrating with 
respect to w from 0 to p’/2m = e, we obtain the “effective retardation” 


Krad = | hw do. =-=>— = agee(vic)’. (3) 


4S 


§93. Electron—nucleus bremsstrahlung. The relativistic case 


Let us consider the electron—nucleus bremsstrahlung for the case of relativistic 
electron velocities.t We shall assume that the condition for the Born approximation 
to be valid is satisfied for both the initial (v) and the final (v’) velocity of the 
electron: Ze*/hv <1, Ze*/hv'<1. The charge on the nucleus must be such that 
Za <1. 

As in §92, we shall neglect the recoil of the nucleus, so that the latter acts only 
as the source of an external field; the justifiability of this treatment is discussed in 
§97. 

According to (91.4), the cross-section for bremsstrahlung is given in terms of 
the amplitude by 


1 ; 
do = Qny |M,i|* oe do, do' dw. (93.1) 


In the first non-vanishing approximation, the matrix element M;; corresponds to 
two diagrams: 


k q\ zk 
Se 74 | y 


\ / \ f 
eT, f°*% (93.2) 
f f 
p’ p p’ p 


The free end q corresponds to the external field, so that q=p’—p+k is the 
4-vector of momentum transfer to the nucleus. Since the recoil is neglected, the 
time component q° = 0. 

According to the diagrams (93.2), 


My = — PAV mena’ y" ae y+ yen y" )u. (93.3) 


t The fact that “factorization” of the cross-section (the separation of the factor oi) occurs here for 
any w is to some extent accidental, arising because the scattering amplitude is independent of the energy. 

+ The majority of the results given below were first derived by H. A. Bethe and W. Heitler (1934) 
and independently by F. Sauter (1934). 
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The intermediate 4-momenta are f = p —k, f'=p'+k. We shall use the notation 
f?-m’?=—-2kp =-2kw, = f?-—m’?=2kp'=2k'o. (93.4) 
A is the scalar potential of the external field; for a purely Coulomb field, 
AS'(q) = 41Zelq’. (93.5) 


Substitution in (93.1) gives for the cross-section 


2,61 7 
do = cael exe, (4'Q*u)(uQ”u') do, do' dw, (93.6) 


where 


Q’=y"Q’*y° 
_,oyfitm,_  ,yftm | 
v aon’ » Yow 


Disregarding polarization effects, we average the cross-section over the directions 
of spin of the initial electron and sum over the polarizations of the final electron 
and photon. This is equivalent to the substitution 


exe, (it'Q“u)(aQ’u'’) > —4 tr Q, (yp + m)Q“(yp'+ m). 


The trace is calculated by means of the standard formulae (§22). The calculations 
are somewhat simplified by using the equation 


y°(yp)y° = yb, 


where p = (e, —p) if p = (e, p). Moreover, the number of terms to be calculated can 
be reduced by using the symmetry with respect to the change p @ p’, k>—-k, 
q—-—q; this simply interchanges cyclically the factors in the product of matrices, 
leaving the trace unaltered. 

The result is the following expression for the differential cross-section for 
bremsstrahlung in which a photon of a given frequency is emitted in a given 
direction and the secondary electron travels in a given direction:T 


' es re in ai = of §93, p, p’ and q denote the magnitudes of the three-dimensional vectors: 
Pp =|pi, P’=|p'|, 4 = Iq. 
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Zar? pa * dw 


dco = An. pq: 2k do’ X 
2 2 2 
Fate? +2e*— a) +a°(C—<) —4(S 5) 
sition +2¢e” a) +4*(— 4 4 et ee F 
+e (5-2) (S48) 
m \x' x) m= \« ey : oe) 


where k=e-n-p,xk'=e'—n-p,n=k/w, q=p'+k—p. 
By means of simple transformations, this expression can be put in a form 
somewhat more convenient for analysis: 


do = Za are dp’ m" sin 6 d@ sin 0’ d@' dd X 
21 
p” p? 
x {Pa (4e*— q’) sin’ @’ tae (4e”— q’) sin’? 6+ 
2a ! 7PP 2 
+——(p’ sin’? 6 + p” sin? 6’) —- —**~ (2e’ + 2e” — q’) sin 6 sin 6' cos ¢ }, 
(93.8) 
where 


K=e-—pcos 8, K'=e'— p'cos @’, 


q’ = p’+p”+w’—2pw cos 6 + 2p'w cos 6’ — 2pp'(cos 6 cos 6’ + sin @ sin 6’ cos ¢); 


6, 6’ are the angles between k and p, p’ respectively; ¢ is the angle between the 
plane of k and p and that of k and p’. 

The integration of (93.8) over the directions of the photon and the secondary 
electron is fairly lengthy. It leads to the following formula for the spectral 
distribution of the radiation: f 


dw p' (4 p’?+p” ec! E ll’ 
d Ree ee + {I +['= -7)+ 
ss wo p3 p’p p> p” pp 


See’ m’w /,e8'+ p? ee'+p' 
+L ee 2 rae 2 24m? ’ + (1 ae -)}}. 
3pp' a a (ee + D'p 66) + 2p p> p” 
(93.9) 
where 
t 2 
LS jog 22— PE m 


t The integration over the directions of the secondary electron only can also be completed in an 
analytical form; see R. L. Gluckstern and M. H. Hull, Jr., Physical Review 90, 1030, 1953. 

Reference may also be made to the review paper by H. W. Koch and J. W. Motz, Reviews of Modern 
Physics 31, 920, 1959, in which the bremsstrahlung formulae are represented graphically. 
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The permissible values of the frequency in these formulae are limited only by the 
condition imposed on the final velocity of the electron (Ze’/v' <1): the electron 
must not lose almost all its energy. As w > 0, the emission cross-section diverges as 
dw/w; this illustrates a general rule which will be discussed in §98. 

In the non-relativistic limit (p <m), the photon momentum is small compared 
with the electron momentum, since 


p”’- p? 
2m 


w= <p. 


Hence q’~(p’— p)’. Putting in (93.8) e =e«’=m and neglecting p, p’ and w in 
comparison with m, we find 


ees 
Fp ey Let its sin 6 dé sin @' dé’ dd x 
7 w pq 


x (p’ sin’ 6 + p” sin’ 6’— 2pp’ sin 6 sin 6’ cos 6), 


or 
_ Za’ p' » do, do’ dw 
do = “ak (n X q) eo (93.10) 


in accordance with the Born-approximation formula derived in §92, Problem 1. 
Correspondingly, the spectral distribution of the radiation is given by the formula 
(92.16) already derived.t | 

In the ultra-relativistic case, when both the initial and the final energies of the 
electron are large (e, «’>m), the angular distribution of photons and secondary 
electrons is very unusual. For small angles 6, 6’, the quantities x, x’ which appear 
in the denominators of formula (93.8) are 


2 2 
F ~te(T + 6°), x= te'(Mat 0”), (93.11) 


and become very small in the range 6< m/e. In this range the magnitude of the 
vector q is also small (q ~ m). Thus, in the ultra-relativistic case, the photon and 
the secondary electron move forwards in a narrow cone with aperture angle ~ m/e. 

A quantitative formula for the angular distribution in the ultra-relativistic case is 
easily obtained from (93.8) by substituting for x, x’ from (93.11), replacing p, p’ in 
all other places by e, ce’, and neglecting q’ in comparison with ce*. With the 
convenient notation 


5 = €6/m, 5'= «'6’/m, (93.12) 


t The derivation of this formula by taking the limit in (93.9) is somewhat laborious, however, 
because of the cancellation of various terms. 
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we can put (93.8) in the form 


2 e'm‘ dw 


dep 7 pe ae ual das 
7 Eq. Ww 
xf §? is §" 4, Oe §°+ §” _ 
+8) (14+86"P ° Qee’ 14+ 81+ 8% 
_(&, &\__88' cos o 
(St S)ar ease} = 


Putting q? = (nx q)’+ (n- q)? (n=k/w), we can easily find that for small angles 


2 2 r2\ 2 
q i Pd 12 / 2 1+6 --$3-} 
4, = (6? + 5 288' cos 6) + m ( at). (93.14) 


When 6 ~ 6’~ 1, the second term in (93.14) is small compared with the first. The 
two terms become comparable at even smaller angles, where 5 ~ m/e. Although q 
here becomes particularly small (q ~ m’/e <m), the integrated contribution from 
this region to the cross-section 1s still small compared with that from the whole 
region & <1 (the ratio of the contributions is easily seen to be m/e’). But q can 
also reach values gq ~ m’/e when 6 ~ 8'~ 1 if 


|6 —6'|< mle, bd <= m/e. (93.15) 


The contribution from this region is of the same order as the whole integral 
cross-section, or may even be the principal term in it (see below). 

The integration of (93.13) with respect to @ and 6’ gives the angular distribution 
of photons (with given frequency), regardless of the direction of the secondary 
electron:T 


dwe' 6déd 
_ 972...2 AW E 
do = 8Z‘ar-~ . e(1+8)): 
ee! 48? 2ec’ Ife. e' 1657 
J \Paares ed ea [S+h+2 asa} a 


Integrating with respect to 5, we find the spectral distribution of the radiation in 
the ultra-relativistic case: 


dwe'/e ec’ 2 2ece’ 1 
do, = 4Z*ari @ © (5+ 2-5) ( ae ~5); 93.17 
wo ele’ e€ 3)\ = ma 2) ( ) 
this formula can also, of course, be obtained directly from (93.9). 
The presence of the logarithm of a large quantity (the ratio ce'/mw ~ e'/m> 1 
+ The integration over ¢ from 0 to 277 is taken first. That over 5’ is conveniently replaced by integration 
over the difference |A| = |5’ — 5|, dividing the range into parts, from 0 to some Ao and from Ao to ~, where Ao 


satisfies the inequalities m/e <A o<1. In each region, appropriate approximations are possible in the 
integrand. 
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even if w ~ e) should be noted. If this quantity is so large that its logarithm is also 
large, the logarithmic terms become the principal ones in these formulae. The 
logarithm arises from integration in the range (93.15).t Thus, in the logarithmic 
approximation, i.e. when the terms not containing a large logarithm are neglected, 
the secondary electron moves at an angle ~(m/e)’ to the direction of incidence. 

Finally,-we shall give the limiting formula for the region near the hard end of 
the spectrum, when the ultra-relativistic electron radiates almost all its energy: 
w =~ ¢ > e'. From (93.9) we easily find 


dw e” aa m’e' e' +p’ =| 
= 2 ype —— 2 eae 
do, = 2Z ar, : {E log e! ie ; lo og a ; ve (93.18) 


Formulae (93.17) and (93.18) together cover the whole range of values of w for an 
ultra-relativistic initial electron, and agree for w~e>e'>m. If the secondary 
electron is non-relativistic (p’ <m), then 


2 V[2m(e —w)] dw 
m E 


do, =2Z’ar (93.19) 


POLARIZATION EFFECTS 


Polarization effects in bremsstrahlung can be studied by the general method 
described in §65. The choice of the 4-vectors e, e® is here particularly simple. 
Since there is only one frame of reference (the rest frame of the nucleus) which is 
of. practical importance, it is sufficient to put e“” = (0, e”), e = (0, e), where e, 
e” are unit vectors perpendicular to k, one lying in the plane of k and p and the 
other perpendicular to that plane. 

We shall not give here either the fairly lengthy calculations or their quantitative 
results, but merely note some qualitative properties of the polarization effects.¢ 
These properties can be derived by means of various symmetry relations, as was 
done for the Compton effect in §87. 

The theory under consideration corresponds to the first non-vanishing ap- 
proximation of perturbation theory. In this approximation the cross-section cannot 
contain a term proportional only to the polarization vector ¢ of the initial electron 
or ( of the final electron. The absence of a term <{ means that the total emission 
cross-section (summed over the polarizations of the photon and the secondary 
electron) is independent of the polarization of the incident electron. 

Of the’terms proportional to only the photon polarization parameters &}, &5, &3, 


+ This is easily seen by considering the, range of integration in which d and A= 8’- 8 satisty the 
conditions m/e <4, @ €1. In this range, q’/m’ ~ A’ + $78’, and the terms in the braces in (93.13) are 
proportional to ¢’ or A? (becoming zero when ¢ = 0 and A = 0). Integrals of the form 


¢’ dodd A? Ado da 
(A7+S' oy Of J (+8) 


diverge logarithmically; they are ‘‘cut off’ at the limits of the above-mentioned range of the variables. 

+ For a fuller discussion of these effects, see W. H. McMaster, Reviews of Modern Physics 33, 8, 
1961, and V. N. Baier, V. M. Katkov, and V. S. Fadin, Radiation from Relativistic Electrons (Izluchenie 
relyativistskikh élektronov), Atomizdat, Moscow, 1973. 
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the term «&} is absent. Thus a photon radiated by an unpolarized electron is not 
circularly polarized. Here, however, there is a difference from the corresponding 
result for the Compton effect: in the latter case such terms were forbidden by 
spatial parity because of the impossibility of constructing a pseudoscalar from the 
only two available independent vectors, k and k’. For bremsstrahlung, there are 
three independent momenta p, p’ and k, and these suffice to construct the pseudo- 
scalar k- pp’. A term of the form &k- px p’ does not violate spatial parity, and 
therefore, strictly speaking, need not be zero; but it 1s not invariant under a change 
of sign of all the momenta (cf. (87.26)), and is consequently absent in the first Born 
approximation. 

The existence of the pseudoscalar k- pp’ also has the result that, as well as 
the term proportional to &3, a term proportional to &; is also allowed in the 
cross-section, unlike the case of the Compton effect. This term arises as a product 
of the form 


Saplalk X v)gk +p Xp’ 


(where v=kXr). which ts invariant both under spatial inversion and under a 
change of sign of all the momenta. Thus the emitted photon has linear polariza- 
tion of both kinds (both along the axes e"” and e’, and in the ‘‘diagonal”’ directions 
at 45° to these axes). This refers, however, only to conditions where the direction 
of motion of the secondary electron is also recorded. On integration over all 
directions of p’, the term «€&; in the cross-section vanishes. This is evident from 
symmetry, since after the integration the two non-coincident ‘‘diagonal’’ directions 
become equivalent, and there can therefore be no preferential polarization along 
one of them, such as occurs when &; # 0. 

The degree of linear polarization is independent of the state of polarization of 
the incident electron: the correlation terms of the form €&;¢ and &3¢ in the 
cross-section are forbidden in the first Born approximation. The term &36, however, 
is allowed, so that the photon radiated by a polarized electron is circularly 
polarized (Ya. B. Zel’dovich, 1952). 


SCREENING 


The formulae derived above are for a purely Coulomb field. If radiation in a 
collision not with a “bare’’ nucleus but with an atom is considered, allowance must 
be made for the screening of the nuclear field by the electrons, which reduces the 
cross-section. For this purpose we must include the atomic form factor F(q) in the 
potential A‘(q) of the external field; see QM, §139. According to QM (139.2), this 
is done by writing Z — F(q) instead of Z. We shall show under what conditions 
screening 1s important. 

A given value of q in the form factor corresponds to distances r ~ 1/q in the 
spatial distribution of the electron charges in the atom. The form factor becomes 
almost equal to Z (total screening) when q < I/a, where a is the dimension of the 
atom. 

In the ultra-relativistic case, as we have seen, an important contribution to the 
emission cross-section comes from the range of values of g near its minimum 
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possible value for given initial and final energies of the electron. In the ultra- 
relativistic case, 


Gmin = P — p’ —~@ 
= V(e?— m’)-— V(e"— m’)—-(e - €') 
= m’w/ee'. (93.20) 


Screening is important if qmin <= 1/a, or 
ee'/mw = am. (93.21) 


This condition is always satisfied for sufficiently large energies of the incident 
electron. 

If Qmin< 1/a (‘total screening’) we can immediately write down, with logarith- 
mic accuracy, the spectral distribution of the radiation. The argument of the 
logarithm in (93.17) is just the left-hand side of the inequality cc'/mw > am. When 
the inequality is satisfied, the integral over q which leads to this logarithm is cut off 
at a quantity of the order of the right-hand side of the inequality. According to the 
Thomas-Fermi model a ~ apZ~'?, where ay ~ 1/me’ is the Bohr radius (see QM, 
§70); then am ~ 1/aZ'”. Thus, when there is total screening, the logarithm in (93.17) 
should be replaced by log(1/aZ'"). 


ENERGY LOSS 


The energy lost as radiation by the electron 1s expressed by the “‘effective 
retardation” 


eE—m 


Krad = | w do.. (93.22) 


0 


The calculation of the integral, with do, from (93.17), givest 


2 2 
Krad = Z’arze {stam log e+tp oe 
3ep m 
_(8e+6p)m’, ,etp 4, 2m? (7 (e + | 
eH og? SP 5 + Sp (CRT Pe), (93.23) 
where the function F(é) is Spence’s function (131.19). 
In the non-relativistic case, (93.23) becomes 
Krad = 16Z?ar2m/3, (93.24) 


t Although formula (93.17) is inapplicable near the upper limit, this fact is unimportant, since the 
integral converges. 
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since F(é)= & when &€ <1; see (131.23). This formula can, of course, be obtained 
by direct integration of the non-relativistic Born formula (92.16). 
In the ultra-relativistic case, 


Kraa = 4Z7arze (10g Ze — 5)5 (93.25) 


when > 1, F(€) ~} log’ &; see (131.20). The two log’ terms in (93.23) can then be 
omitted. 

The ratio k;aa/€ is also called the cross-section for energy loss by radiation. It 
increases logarithmically when e is large. This increase no longer occurs, however, 
when screening is taken into account. For total screening, k,ag/e tends to a constant 
limit ~ 4Z?ar? log(1/aZ'"). 

For a collision with an atom, it must also be remembered that some radiation 
originates from the electrons, as well as that from the nucleus. We shall see later 
(§97) that, in the ultra-relativistic case, the electron-electron emission cross-section 
differs from the electron—nucleus cross-section only in that the factor Z’ is absent. 
Hence the presence of Z atomic electrons can be approximately allowed for by 
replacing Z’ by Z(Z + 1). 

On passing through a medium containing N atoms per unit volume, a fast 
electron loses its energy, on average, over a distance 


liad oe €/ NKrad e [Z*aNr? log(1/aZ')}"', (93.26) 


called the radiation length. 


COHERENCE LENGTH 


Formula (93.20) may be given a different and more general interpretation. For 
the expressions derived above to be valid, it is necessary that the external field in 
which the electron moves should vary only slightly (in the direction of motion) over 
distances 


leon ~ 1/Qmin ~~ €€'/m’w (= e€'/c?m’w); (93.27) 


this is called the coherence length.t The value (93.27) obtained in the Born 
approximation is actually quite generally valid for ultra-relativistic particles: it is 
easily derived in the opposite case of quasi-classical motion also, since from 
(90.22) we see at once that the important times for radiation at small angles to the 
direction of motion are 


t~ e'lew(1—v) ~ €'e/m’a, 
corresponding to a section of the trajectory with length cr ~ loon. 


+ The discussion here is due to M. L. Ter-Mikaélyan (1953). ; . 
t The derivation of (90.22) was based only on the smallness of the curvature of the trajectory, and in 
that sense does not depend on the fact that a magnetic field was specifically under consideration in §90. 
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For a given frequency w, the coherence length increases with the electron 
energy. However, the formulae obtained for bremsstrahlung at an isolated atom 
can be valid also for passage through a medium only'if there is no secondary 
photon emission or electron scattering over a distance equal to the coherence 
length. The condition for no secondary photon emission is lion <lag, but the 
condition for no electron scattering is violated much sooner: there is repeated 
scattering of the electron by the atomic nuclei in the medium over a distance ~,aq. 

To arrive at a quantitative condition, we return to formula (90.22) before the 
integration with respect to time in the exponent and write this as 


{,+T ty+T 
.W iwe 


ne | (1—m-v) dt~—"22 {(1— vr +4 | 0° at}, (93.28) 


where @ is the small angle between v and n which results from scattering by nuclei. 
For Coulomb scattering, 8 changes by small jumps, and its time variation is 
therefore a slow “diffusion in angle’. The mean square deflection of the electron 
over t — ft, 1S, in order of magnitude, 


e ag (t , ti) Icou, 
where Ic,y, is the mean free path for Coulomb collisions, given by 
Ll cout ae (NZ’e‘/e) log(¥max/Xmin)s 


where ymax and ymin are the maximum and minimum angles of scattering in one 
collision for which the process may still be regarded as Rutherford scattering (cf. 
PK, §41).t The value of ymin is determined by the atomic dimensions a, over which 
the field of the nucleus is screened: ymin ~ 1/pa. Large scattering angles are limited 
(for an ultra-relativistic electron) by distances of the order of the nuclear radius R: 
Xmax ~ L/pR. If we put R ~ 1.5 x 10°?Z'? cm ~ 7,Z'”, we find 


leoul ~ e ~9e" | (93.29) 
NZ‘ log(laZ"™) mm? 


The second term in (93.28), which covers a time 7 ~ I,.,, is now estimated as 
Or ce (we/e’) leon! lout ox leon! Olrad- 
For the bremsstrahlung formulae to be valid that were derived without allowance 


for multiple scattering, this term must be much less than unity. Hence we find the 
condition 


look < Alrads (93.30) 
which is stronger than loon Xlrag (L. D. Landau and I. Ya. Pomeranchuk, 1953). 


+ The mean free path is determined by the transport cross-section o; = | (1—cos x) do(yx). For the 


scattering of ultra-relativistic electrons by a Coulomb centre, the cross-section da(x) is given by (80.10). 
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§94. Pair production by a photon in the field of a nucleus 


The formation of an electron-positron pair in a collision between a photon and 
a nucleus (Z+ y>Z+e +e") and electron—nucleus bremsstrahlung (Z +e > Z + 
e + yy) are two cross-channels of the same reaction. Rules have already been 
formulated in §91 for the transformation of formulae from the latter case to the 
former. Applying these rules to (93.8), we find the following expression for the 
differential cross-section for pair production by an unpolarized photon, averaged 
over the polarizations of the components of the pair:f 


eae 2 
do = ~ Sars me pape sin 6, d0,- sin 6. d6_ dd x 


Pp; p? 
x {25 (402 — q?) sin’? 0, +5 (40% - q?) sin’ 6. — 


2w 9 , 2p +p- : 
- oa (p2. sin? 6, + p2 sin’ g_)— “EXP (263 + 26? - q’) sin 6, sin 6_ cos ot, 


+ 


(94.1) 
Ks = €+—p-Cos 6-, q=(p.tp--k)’, e+ste-=o 
(H. A. Bethe and W. Heitler, 1934). 


A similar transformation derives from (93.9) the energy distribution of the 
components of the pair: 


S 24 p+ 
do.. = Zar? a de.{- 4 Qe,e_ pipe + 


: ! 
+m?(L2$+ 1 S3— bd )+ 
pi ph pap. 


4 
+ L[— FEE + $s (ee? + pip? mese.)— 
_ m-a ( E+6-— Pi, , est PI 
2p.p-\" ps ~ ps 
= log Et= t+ P+p- +m’ = loo Ez t Pz 
L = log a a l. = log eet (94.2) 


Since the above formulae are based on the Born approximation, they are valid 
under the conditions Ze’/v. <1. The symmetry of (94.1) and (94.2) with respect to 
the electron and the positron is itself a consequence of the Born approximation, 
and would not occur in higher approximations. 

In the ultra-relativistic case (ce. > m), the electron and the positron are emitted at 
angles 6.~ m/e. relative to the direction of the incident photon. The angular 


+ Polarization effects in pair production by a photon are discussed in the papers already quoted in 
$93 in connection with bremsstrahlung. 
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distribution is given by a formula similar to (93.13): 


_ 8 4. 2 m*eve- {- 6h w? 67+ 8° 
oe 7 me w°q' A (1+82y (i+ Sy 2e,e-14+ 8200+ 52)” 
Es €-\ 846_cos@ 
Ft lay pat [ O+0- * 20+ a0- 
e meTaiey ss BrP Cm OSG? (94.3) 
with 
2 2 vee 4 
GQ” _ 52, 9? | 2(1+ 64 =) 
4, = 62+ 82 +28, cos +m ( aera (94.4) 
The energy distribution in this case is 
da = 4Z’ ar ges (ex t+e2+ fe.£-)(log pete 5 )(ultra-relativistic case). 
* @ 7 mo 2 
(94.5) 


Integration of (94.5) over ce, from m to w gives the total cross-section for pair 
production by a photon having a given energy:t 


2w 109 
oe $Zar?(log <o a) ein: (94.6) 


As with bremsstrahlung, the logarithmic term in the ultra-relativistic cross- 
section arises from the range of values gq ~ m’/e. This now corresponds to angles 
for which 


|}5,-8_|<m/e, |xr-—$|<mle, 


instead of @<m/e as in (93.15). Thus, in the logarithmic approximation, the 
directions of the electron and the positron are at small angles to the direction of the 
photon and are almost coplanar with the direction of the photon but on opposite 
sides of it. 

Near the reaction threshold (w—2m), the Born approximation is invalid. The 
derivation of a quantitative formula in this case would require an exact calculation 
of the Coulomb interaction of the three charged particles (the nucleus and the pair) 
in the final state. The symmetry with respect to the electron (which is attracted to 
the nucleus) and the positron (which is repelled from the nucleus) is then, of 
course, lost. 

If 


Za < (oom <1, (94.7) 


@ 


t Since the integral converges at both limits, the inapplicability of formula (94.5) for small values of 
Es —m is not important. 
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the Born approximation is still valid. At non-relativistic energies of the pair, 
w ~2m®>p., and therefore q ~w. In (94.1) we can everywhere put e. =k. =™m, 
w = 2m, and this formula then reduces to 


= Z’ are p+p- 


do 6472 om: 


(p? sin’ 6, +p? sin? 6_) do, do_ de,. (94.8) 
After integration over angles, 


| 2 2 
do ={Z’ar? ppp EPs) de, 


m 
2 2 
= EOE (a HN ewe idex (94.9) 


Finally, integration over e, from m to w—™m gives the total cross-section 


a 3 
ee Zari(S —=m) (94.10) 


If the relative velocity (vo) of the components of the pair formed is small, their 
Coulomb interaction must be taken into account (A. D. Sakharov, 1948). This 
interaction becomes important when vo is of the order of (or less than) the 
velocities of the particles in the bound state of the electron and positron (positronium): 


Vo S a. (94.11) 


Let us consider the process in the centre-of-mass system of the pair. Virtual 
momenta ~m are important in the diagrams which represent the process in this 
system; that is, distances ~1/m between the electron and the positron are im- 
portant. The wave function w/(r) of their relative motion changes appreciably only over 
distances r ~ 1/mvo ~ 1/ma, which are large compared with 1/m. The allowance for 
the interaction of the particles therefore amounts to the inclusion of a factor w*(0) 
in the transition matrix element. The differential cross-section is accordingly 
multiplied by |W(0)|’, i.e. by 


T— eeralto (94. 12) 


see QM, (136.11). The relative velocity of the two particles is the velocity of one 
particle in the rest frame of the other. Comparing the values of the invariant p+,p* 
here and in the laboratory system (the rest frame of the nucleus), we find 


2 


m 
V(i—v)) E+E-— p+ * p-, 


whence vo may be found. If p. and p- are similar in magnitude and direction, vp is 
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given by the approximate formula 
vp = pO’ t+ (ps. — p_)*/e? (94.13) 


valid for vu) <1; here p =x(p.tp-), € =x(e.+ e-), and @ is the angle between Dp 
and p-. 

The correction to the cross-section according to (94.12) and (94.13) causes an 
anomaly in the correlation between the momenta of the electron and positron 
formed: it has a narrow maximum at p, ~ p-. 


§95. Exact theory of pair production in the ultra-relativistic 
case 


In §§893 and 94 we have discussed bremsstrahlung and pair production by a 
photon in the relativistic case, using the Born approximation, for which the 
condition Za < 1 must always be satisfied. In §895 and 96 we shall describe a theory 
of these processes which is not subject to the limitation just mentioned, i.e. is valid 
even if Za ~ 1 (H. A. Bethe and L. C. Maximon, 1954). We shall assume that both 
the particles (the initial and final electrons, or the constituents of the pair) are 
ultra-relativistic, with energy e >m. 

We have seen that in the ultra-relativistic case both particles move at small 
angles (6,6' or 6.,6_) to the direction of the photon: @6<m/e. This property is 
preserved in the exact (with respect to Za) theory, and we shall therefore consider 
just this range of angles. 

The momentum transfer to the nucleus in this range is q ~ m. This means that in 
the wave functions the important values of the impact parameter are p ~ 1/q ~ 1/m, 
i.e. ‘large’ distances. At such distances the wave function derived in §39 can be used. 
The calculations for pair production are as follows. 

The pair production cross-section is similar in form to the photoelectric effect 
cross-section (cf. (56.1), (56.2)): 


2 
do = dn |eV (an) Waa) M, 5(w —- €4- eB AP. (95.1) 

where 
Ma =| vis *(a-eye Ty _, d’x. (95.2) 


Here w’, is the wave function of the electron, and pw? _,, the wave function 
with negative energy —e, and momentum —p,. 

The function w{,., which pertains to a particle in the final state, must have an 
asymptotic form which includes (besides the plane wave) an ingoing spherical 
wave; this is indicated by the superscript (—). According to (39.10), this wave 
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function ist 


La: 


On = ayer (1 SZ) Fin, 1, -itp-r tp ur?) 
wep = Q Sc re iv, 1,—i(p-r+p_-r))u(p_), 


| (95.3) 
C= e™?’T(1 + iv), vy = Za. 


The function w°., -,, must have an asymptotic form which includes an outgoing 
spherical wave (indicated by the superscript (+)), since it denotes the wave 
function of an “initial state with negative energy’. The asymptotic form of the 
wave function of the positron, obtained from w‘*_,,, then has an ingoing wave, as 
is correct for a final particle. According to (39.11), this function is 


ee a 
Wn = Tey OUT GES FC iv, 1 per + pe up), 
(95.4) 


CP=e T+ iv). 


The terms ~1/e in (95.3) and (95.4) have to be included because of the matrix 
structure of M,; (95.2). The matrix element (a), 1s a vector whose direction is close 
to that of k. The leading term in (a: e),; is therefore small, and the correction terms 
are of the same order of magnitude as that term. 

Substituting (95.3) and (95.4) in (95.2) and neglecting terms ~1/e,¢_, we find 


My = 5 A utp le: aI +(e-a)(a-I.)+(a-L)(e-a)}u(—p.), (95.5) 


where 


N = CC = wp/sinh rp, (95.6) 
I = |e“ "FP, d°x, 


I. = 5 |e 'F IVF, d>x, 
(95.7) 
mel. ~ig'r *E 3 
I. x fe (VF_)*F,-d>x, 


q= p.+p-—k; 


F_ and F. are used for brevity to denote the hypergeometric functions which 
appear in (95.3) and (95.4). The integrals I, I,, I- satisfy one identical relation: from 


| Ve "F*F,) dx =0, 


t In this section, p- = |p-|, q = |ql- 
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we have 
ql +2e.1, +2e-I_ =0. (95.8) 


We average |M,i|° over polarizations of the incident photon, and sum over direc- 
tions of the electron and positron spins.t This is done by the tensor substitution 


eet > (dx — nin), n=k/o, 
and changing the bispinor products according to 
Ui > 2p. =(e+y°— pz y +m). 
Putting also a = y’y, we find 
|Myi|’ > (N7/2e.£-Htr p-Q + p.Q—tr p(n Q)p.(n + Q)}, 


Q=y!1-y yy -L) - yy Ly, 
Q = yI*- yy Dy —- yyy °T*). 


The final result, obtained after making the appropriate approximations, for the 
ultra-relativistic case at small angles 


6.~ mle <1, (95.9) 
will be given here. We define the auxiliary vectors 


soll = 
5. — m (p+)., 6. — m 6., (95.10) 


where the suffix 1 denotes the component perpendicular to the direction of k. Then 


rlnp+ 2|r BS DOs IL. 


|[Mj;|" >4N {me 


4 2| BE }. (95.11) 


where we have used the fact that I ~ eI./q ~ eI./m (as is seen from (95.8)), and 
terms of higher order in m/e are omitted. 
The integrals I. may be expressed as 


; Ps Os 
orn Ope’ 


I. = 


1, i(psr+ ps + r))F (iv, 1, i(p_r+ p_-r)) d*x. (95.12) 


+ Calculations with allowance for the polarizations of all the particles are given by H. Olsen and L. 
C. Maximon, Physical Review 114, 887, 1959, and in the book by Baier et al. cited in §93. 
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The integral J can be written in terms of the complete hypergeometric function: ft 
y= 45 (G28) Fin, iv, 1,2), 

q° \q°—2p--q 


*(p.p-— p++ p-) + (ps + q(p-- 
(q° — 2p. + q)(q* — 2p_ - q) 


(95.13) 
zZ = 


The differentiation with respect to p- must be carried out with q fixed, only 
thereafter putting q=p.+p-—k. The result, after making the approximations 
corresponding to the ultra-relativistic case and the conditions (95.9), is 


= ip 2 
a = — fra {+ vqgeF(z) +i 4 Fg: - mb.)}, (95.14) 


with, for brevity, the notation 


= I —- }j — : 
é. 1462 z=1 4, -_ 95.15) 


F(z) = F(—ip, iv, 1, z), 
F(z) being a real function. The integral I is then found immediately from (95.8). 


Substituting the values of the integrals in (95.11) and thence in (95.1), we find 
the required cross-section: 


= 4 TV : > 22 m‘ 
Ags “(4 —) Zari rs 8. dB. 8. d8-- db de, x 

x { F%(2)[-2e.¢-(8222 + 82€2) + w(82 + 82)E.€.+ 

+ 2(e7+ ©2)5,6_&,& cos d] + 

4 ¢2 42 

+4, £5 = F?(z)[-2e,e_-(84.€5 + 82€2) + w'(1 + 8482)€,€ — 

— 2(e4 + €2)6,6_.& cos 61}. (95.16) 
When v0, 


TV 


’ asi ase 
Saha F(z)>1, F'(z) =v‘ 0. 


The expression (95.16) then reduces, as it should, to Bethe and Heitler’s formula 
(94.3), which corresponds to the Born approximation. It also reduces to this 
formula for any v if the angles of emission of the pair satisfy the conditions 


}5.-—6-|<1, |ar-$|<1. 


+ The calculations are given in Nordsieck’s paper quoted in §92. 
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_ For then q <™m, so that the second term in the braces in (95.16) can be omitted 
because of the extra factor (q/m)* as compared with the first term, and in the first 
term we have (since 1 — z ~ q*/m’ < 1)t 


F(z) F(1) = F(- i, iv, 1, 1) 
7 l 
~~ Td iv) + iv) 


_ sinh av 
Tv 


, | (95.17) 


so that the similar factor in front of the braces is cancelled. 

Let us now consider the integration of the cross-section over the directions of 
emission of the pair. The integration over angles is divided into two regions I and 
II, in which we have respectively 


I) 1-z>1-2, dq) 1-z<1-2, 


where z, is a certain value such that 1 > 1—z,>(m/e)’. Since in region II 1—z <1, 
q’<m’, it follows from the above discussion that in this region do ~ dog = do, =o, 
-where daz is the cross-section in the Born approximation. The integral over angles 
is therefore 


do..={ do = | do+ | do,» 
I il 


= (do.+)a + | (eae): (95.18) 


where (do,..)g is the Born cross-section (94.5) integrated over angles. 
In region I we have 


q?|m? = 62. + 82+ 25,8-_ cos ¢. 


We shall change from the variables 5,, 5-, @ to &,, &, z. A direct calculation of the . 
Jacobian for this transformation gives 


e,e. dt, d&_d 


54 d5, + 5_ db_- do ” Bm? (E.€-) Sin d’ 


where 
a (q?/m7)é,€- 
= &,+ € — 28,8 +2V([E€(1- &)(1- &)] cos ¢. 


_ t This value of the function can be obtained from QM, (e.7), which relates hypergeometric functions 
with arguments z and 1 — z. 
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Expressing sind and cos@ in terms of the other quantities by means of this 
equation and substituting in (95.16), we obtain after some simple algebra 


- 2dé. dé_ dz 
asec YG EES PTE CRE Ja be eae a 


: re (G2 e202) Melee 1+ 


+ Pe ((e. + e2)z + 2e.e_(€,+& - Wf, 


( Ty ) Zar; 
sinh rv) 27w> 


Finally, we replace &, and é- in terms of new “spherical” variables y and w: 


€,+&€ -1=Vz sin y cos y, 

€,-€. = V(1—z) sin y sin y, 

O<y<jir, O<W<27, 

2 dé, dé. > V[z(1 — z)] sin y cos y dy dw. 

These ranges of variation of x and ™& correspond to the range 0 to 1 for é, and &é_, 
i.e. to the range 0 to ~ for 6, and 6_ (or, equivalently, 6, and 6_); the rapid 
convergence of the integral allows the range of variation of the angles to be 
extended in this way. After the transformation, the root in the denominator 


becomes V[z(1—z)]cos xy; the integration over y and w is elementary, and the 
result is 


F*(z) 


do = 2A: 2mdz(e2 4+ €2 + 4e,€-) + 2 F(z) | de.. 
v 


l-z 
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An extra factor 2 has been included because the integration over z is to be taken 
from 0 to z;, whereas, when the azimuth ¢ varies from 0 to aw and from 7 to 27, 
each value of z occurs twice. 

The integration over z is effected by means of formula (92.14), which, for 


vy’=-—v (and F(z) accordingly real), becomes 
F? 21d 
Paget eR = 2g, GFP). 


The integral of this expression is z,;F(z,)F'(z,)/v’. The value of z,F(z,) = F()) is 
taken from (95.17), and the limit of F’(z;— 1) is given byt 
4 F(z) = F(1 — ip, 1 + iv, 2, z) 


~ —[log(1 ~ z) + 2f(vy] S222, 


where 


fv) =7Va+ “3 + V(1— iv) -2¥())] 
YS os ar ra (95.19) 
WV(z) = F'(z)/T(z). 
Substituting the above expressions in (95.18), we obtain as the final formula 


Deve 


do.. =4Zar(e2 + 62 +4e.€- )[ log “== -5- f(aZ)| aes (95.20) 


The total cross-section for pair production by a photon with energy w is 


o = #Z7a Flog 2 ~ F— f(azZ)|, (95.21) 


We see that the only change in these formulae is that a universal function f(aZ) of 
the atomic number is subtracted from the logarithm. Figure 18 shows a graph of 
this function. For v <1, f(v) ~ 1.2v’. 


$96. Exact theory of bremsstrahlung in the ultra-relativistic 
case 


The matrix element for the bremsstrahlung process is 


= | Wept(a- ete TW d’x; (96.1) 


+ The derivation of this formula is in the Appendix to the paper by H. Davies, H. A. Bethe and L. C. 
Maximon, Physical Review 93, 788, 1954. 
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the wave functions of the initial electron (e, p) and the final electron (e’, p’) include 
respectively outgoing and ingoing spherical waves in their asymptotic forms. The 
calculation of this integral is similar to that of the matrix element (95.2), but will not 
be given here. Instead, we shall describe another way of calculating the brems- 
strahlung cross-section, based on the fact that the process is quasi-classical, and 
not using the explicit form of the wave functions of the electron in the field of the 
nucleus (and in this sense independent of the precise form of the field potential)(V. 
N. Baier and V. M. Katkov, 1968). 

In the bremsstrahlung process, the. nucleus transfers to the electron and the 
photon a momentum q=p’+k~—p. As in the pair production problem, we must 
distinguish two ranges of values of the transfer q, which is transverse relative to p: 


(I) m2q,.>om’7/e2, (ID q:~wm’e*<m. (96.2) 


It is evident that in region I the emission cross-section is equal to the Born value: 
for these values of q,, the recoil momentum of the nucleus is unimportant, as will 
be shown in §98 (see the derivation of the condition (98.10)). In region I, the 
cross-section for the process is therefore the product of the exact cross-section for 
electron scattering in the field of the nucleus at rest and an emission probability 
which is independent of the form of the field. But since, according to (80.10), the 
exact cross-section for scattering at small angles in a Coulomb field is equal to the 
Born value, so is the cross-section for the whole process in region I. 

Thus only region II need be considered. Small momentum transfers correspond 
to the passage of the electron at large distances from the nucleus: p ~ 1/q. ~ e/m’. 
‘But, at these distances, the motion of the electron is certainly quasi-classical, as ts 
easily seen by direct application of the usual quasi-classical condition, QM (46.7), to | 
the ultra-relativistic equation (39.5). 

Since the motion is quasi-classical, we can use the method already applied in 
$90 for synchrotron radiation. The expression (90.7) is in this case the probability of 
emission when the electron passes the nucleus once. 

Formula (90.18) remains valid for the function L used in §90; the only 
difference is in the form of the quasi-classical electron path r = r(t), which is used 
to calculate the difference r,—r). 

At large impact parameters, the field of the nucleus may be regarded as weak. 
In the zero-order approximation, the path is a straight line passing at a distance p 
from the centre. In the next approximation, we have as the equation of motion (cf. 
Mechanics, §20) 3 


where p is a vector lying in the xy-plane and perpendicular to the initial momentum 
of the electron, and r on the right-hand side is to be taken as the zero-order 
function: 


r=V(p?+ v’t?) = V(p? +t’). 
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Hence 
t 
dU dt 
p(t)-pi=—p | ape (96.3) 
ty 


The velocity v(t) = p(t)/e, where the energy e depends on the magnitude but not 
the direction of p, may be regarded as constant with sufficient accuracy. A further 
integration then gives 


rn = v(t t)-= | [p(t’)— pi] dt’. (96.4) 


We shall take t; = —%™, so that the quantities Pp: = p(—-%) =p and v=p/e are the 
initial momentum and velocity of the electron. | 
We can put the probability (90.7) in the form 


dw = |a(p)|? d2k/(27)?, (96.5) 


where 


A(p)2 e/2% f R(t) exp|i & (ot -k-r(t))} dt, 


u*.. Uu, 
R(t) = ej % e* V(26)’ (96.6) 


and «’=e-a, p(t) = p(t)—k. The classical function p(t) is given by (96.3). If p 
denotes the initial momentum of the particle, we have for a Coulomb field (U = — p/r, 
v= Za) 


= ot Lyre} 
and 
r(t) Ein VG + t?)+¢]. 
In terms of the change of momentum in classical scattering, 
A = p(~) — p(— ») = — 2pr/p’, (96.7) 


we can rewrite these formulae as 


p(t)=p Hal ooo t 1], 


‘ (96.8) 
r(t) = (p+ 1A) = +5~ V(t +p. 
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Now using formula (90.20) for R(t) and the expressions (96.8) for p(t) and r(t), 
we can calculate the integral with respect to time in (96.6). The integration is carried 
out by replacing the variable t by 


§ = —S (ot —k- r(t)) 


and using the formula 


Ee“ dé 
[ dents y+€ Vit &) 2ixK(y), 


where K, is the Macdonald function. There is, however, no need to complete these 
calculations, since we want the expression a(p) only for small values of A (A <m), 
an independent parameter. Then we obtain 


a(p) = w*Dw, - AyK,(y), (96.9) 


where 
WE 
x=p77(-n-y), 


n = k/w, and D is some function of p, « and k (but not of p), whose precise form is 
unimportant.f Since, in the ultra-relativistic case, the photon is emitted at a small 
angle @ to the direction of the electron velocity, we have 


x= ps w(1—v +16?) 
Or 


Y¥=p~— ra ma + 8’), 5 = Oe/m. (96.10) 


It has already been mentioned that (96.5) is the probability of photon emission 
in a single passage of an electron past a nucleus at impact parameter p. The 
cross-section for the emission of a photon with given frequency and direction is 
obtained by multiplying by v~' dp, dp, ~ dp, dp, = d’p and integrating with respect 
to the impact parameter: 


3 
do = oy | la(p)|? d2p. (96.11) 


t The spinors w; and w; may be taken as constant in the integration, i.e. the change in the electron’s 
polarization in its classical ultra-relativistic motion may be neglected. This can be seen from the 
equations derived in §41. 
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However, it should not be thought that this formula without the integration over 
d*p would also give the directional distribution of the final electrons. The deviation 
of the electron in motion in a classical path, which is uniquely determined by the 
external field, is certainly not the same as the indeterminate quantum-mechanical 
deviation (and the limit p(~) of the classical function p’(t) is therefore also 
different from the actual final momentum of the electron). Consequently, in order 
to obtain the angular distribution of the electrons, we must re-expand their wave 
function in plane waves. 

It is seen from (96.11) that a(p) 1s the amplitude of photon emission in a passage 
at impact parameter p. The expressions (96.5) and (96.6), however, define this 
amplitude only to within a phase factor, which is easily seen to be e “'®: on 
account of the time-independent term r,(~) =p in r(t), this constant factor must 
be present in V;(t), and may be taken outside the time integral. Since it is not an 
operator, it is not affected by the process of commutation, and the amplitude for 
the emission process is thus 


e '*Pa(p), (96.12) 


where a(p) is given by (96.9). 

Now let the electron be described, as z >— ©, by a plane wave with momentum 
p along the z-axis. This means that the wave function of the electron as z > — %, as 
a function of x and y, reduces to a constant, which can be taken as unity. Then the 
wave function of the electron which has passed through the field is, for z > ~,T 


ys(%) = S(p) = exp|— i U(x, y, z) dz}. (96.13) 
According to the significance of the transition amplitude (96.12), the wave function 
of an electron which has passed through the field and emitted a photon is 


e~*Pa(p)S(p). (96.14) 


The amplitude for emission in which the electron goes to a state with definite 
momentum p’ is given by the corresponding Fourier component of (96.14), i.e. by 


a(q.) = | e Pe Pa(p)S(p) d’p 
-| e~'%:'Pa(p)S(p) d’p, (96.15) 


where gq, is the transverse component of the momentum transfer to the nucleus; cf. 


t See QM (131.4); we have in mind the analogy between equation (39.5) (in which we put p’ = e’) 
and the non-relativistic Schrédinger’s equation (39.5a). Bearing in mind the difference in the significance 
of the coefficients in these equations, it is easily seen that in our case the conditions QM (131.1) for the 
formula QM (131.4) to be valid are in fact satisfied. The fact that this formula is not valid for arbitrarily 
large z is unimportant, for the same reasons as in QM §131. 
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QM (131.7). The cross-section for scattering with a given transfer q, is 


e | 
= lah a—s Sopot oa (96.16) 


Let us now calculate S(p). In the case of a Coulomb field considered here, the 
integral in the exponent diverges, in accordance with the phase divergence in 
Coulomb scattering. The integral must therefore be first calculated between finite 
limits: 


R 
‘ Ud = — 2» | Eee 


= — 2v[log(R + V(R’ + p”)) — log p] 
=—2y log 2R + 2v log p 


(R > p). The first term, which is a constant, is unimportant, and therefore 
S(p) = e777 08? = p, (96.17) 


Substituting (96.9) and (96.17) in (96.15) and integrating over the directions of 
the vector p in the xy-plane, we find 


io 9} 


a(qu) « » | 0" Ki(x)Ji(qip)p do, (96.18) 
0 


where J, is the Bessel function. The factors not involving v = Za have not been 
written here. 

We see that the dependence of the amplitude a(q,) (and therefore of the 
cross-section (96.16)) on v is contained in a separate factor. On the other hand, 
when v > 0, the cross-section must tend to its value in the Born approximation. It is 
therefore immediately clear that the cross-section will differ from the Born value 
only by a factor which is independent of the electron polarization and hence does 
not influence the polarization effects. 

The integral (96.18) can be expressed in terms of the hypergeometric function 
by means of the formula 


: bY(2—4a)ra —4A b?\-1+28 b? 
J x sKi(axyh(bxx dx = Se (14) F(A 1-2.) 
0 


This gives 


a(q.) « v(1 — iv)Gqy’ (1 — iv) F (iv, 1 - iv, 2, z), (96.19) 


§96 Bremsstrahlung in the Ultra-relativistic Case 425 


where 


z=1 - me + §*)’, 5 = c6/m; (96.20) 


here we have used the fact that, in region II (see (96.2)), the component of the 
vector q parallel to p is 


7 2 m*w? 2\2 ) 
qi =4 ~qi~garat sy. (96.21) 


This is easily proved, since in that region the angles between the momenta p, p’ and 

k satisfy the conditions (93.15). | 
The hypergeometric function in (96.19) can be reduced to the function F(z) in 

(95.15) by means of the formula 


F(a, b +1,¢ + 1,2)=—*— F(a, b, ¢, 2)+ — = F(a, b, c, 2). 
The final result is then 
2 C 2) ee a 
do = doe 747) F*(z)+*+—3—— F'"(z) J, — (96.22) 


where dog is the Born cross-section (93.13) (H. A. Bethe and L. C. Maximon, 
1954). When q>m7’/e, we have z ~ 1, and the whole coefficient of dog tends to 
unity; in this sense formula (96.22), which has been derived for region II, is 
automatically satisfied for all gm. When q <m7/e and the correction factor in 
(96.22) is different from unity, the vectors p, p’ and k are almost coplanar, and the 
quantities 5 and 8’ are almost equal; this has already been taken into account in 
(96.22). Thus q* in the expression (96.20) for z can be written as 

q’ —~ 92 12 ’ mw? 2\2 

ph aa + 6” — 255 cosh +7 ar a(l+ dy, (96.23) 


i.e. we can put 6 = 5’ in the second term in (93.14), but not in the first term, which 
does not contain a small coefficient (~m?7/e’). 

To find the cross-section integrated over angles, there is no need to repeat the 
integration: we can proceed as follows (H. Olsen, 1955). Various directions of p 
(for a given energy ec’) correspond to degeneracy of the final state of the electron. It 
is evident that the result of summing over states which belong to one degenerate 
level is independent of how the complete set of these states is chosen. We can 
therefore use, in summing over directions of p’, the set of functions ‘2, instead of 
the po ‘ which are needed in calculating the differentia! cross-section, i.e. we can 
define the bremsstrahlung matrix element as 


mir= | We * (a -e*)euih yO a x. 
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This integral is easily seen to be the same as (M#?)* if the parameters of the wave 
functions in the latter are changed as follows: 


P+,P+,&+—> — Pp, —P, — €, P-,P-,€-> P,P ,€; k—>—k 


and the sign of the integration variables is reversed: r—> —r. 

Hence it is clear that the bremsstrahlung cross-section integrated over angles 
can be obtained from the integral pair production cross-section (95.20), on multi- 
plication by 


(cf. (91.6)) and replacement of ¢, by ~e, e- by e’. Thus we have 


2 pele 5)| Zee’ _ 1 |@. 
do = 4Z7ar? = a (e += -5)|log == — 5 - f(aZ) (96.24) 
We see that the corrections to the Born formulae for the integral bremsstrahlung 
and pair production cross-sections are given by the same function f(aZ). 

Formula (96.24), which does not depend on any limitations on the value of Za, 
allows a passage to the classical limit (h > 0, Za ~~). In this limit, we must also put 
e ~ e'. Bearing in mind the asymptotic expression V(z) ~ log z as |z|->~ and the 
value ¥(1) = — C (where C is Euler’s constant), we find the effective retardation 
_ 16Z?r: “| 2e’ 


1 
ga |B 5 c| dw. (96.25) 


hw do mcewZe 


This expression, which does not contain h, is the classical frequency distribution of 
the bremsstrahlung intensity. 


§97. Electron-electron bremsstrahlung in the 
ultra-relativistic case 


Electron-electron bremsstrahlung is represented by eight Feynman diagrams: 
four diagrams 


| 
| 
p, 1+ __-—_ P, Pp, ee ; 
| (97.1a) 
| 
p, —+—_1__~—__ p, p, —~—_1—_~—- p 
P, Se p P, ye P, 
| 
p: 6, P, p, (97.1b) 
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and four ‘‘exchange’’ diagrams obtained from those shown by interchanging p; and 
p>. Here we shall give the results of the calculations for the ultra-relativistic case 
(G. Altarelli and F. Buccella, 1964; V. N. Baier, V. S. Fadin and V. A. Khoze, 
1966).7 

In the laboratory system (the rest frame of one of the initial electrons, say the 
second), the emission cross-section integrated over the directions of the photon can 


be written as a sum do = do” + do, where 
dw &—-—w € E-W =)( 2e(e —w) ) 
a) 2 4 _ 1). 
dot = 4are Ww € (- —@ - E 3 log mw 2)? (97.2) 


2 2 
do = tar? M52 {(4— M4 M,) jog —24 2-2} for wei, (97:3) 


W 
dw @® ww’ E 
(2) __ 2 2 are ees 
da ar {8(1 +) log e 
2w\, 2w\fm> m* 3m Aw 
often  ee eee 
2 2 
= a OY for wy < hm (97.4) 


(e being the initial energy of the first electron). 

These formulae are accurate as far as terms of relative order m/e. To this 
accuracy, it is found that the contributions to the cross-section from different 
diagrams do not interfere, and in this sense do” and do™ correspond to emission 
by each of the two electrons: the fast electron and the recoil electron respectively, 
diagrams (97.1a) and (97.1b). 

The ‘“‘exchange”’ diagrams give the same contribution to the cross-section as do 
the ‘‘direct’’ diagrams. Since the electrons are identical, the total contribution from 
the direct and exchange diagrams has to be halved, and we may therefore consider 
only the contribution of the direct diagrams and ignore the identity of the particles. 
For electron—positron collisions the exchange diagrams are replaced by annihilation 
diagrams, but their relative contribution is of order m/e and therefore negligible. 
Hence the bremsstrahlung cross-sections are the same, to the accuracy indicated, 
in electron-electron and electron-positron collisions. 

For w > m, the ratio 


i.e. the emission from the recoil electron is small compared with that from the fast 
electron; when this ratio becomes of the order of m/e, formula (97.3) is of course 
no longer meaningful. When w <m, on the other hand, the two parts of the 


t The calculations are given in the book by Baier et al. cited in §93. 
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cross-section are almost comparable: 


2 
Ww MW 
w <m. (97.5) 
do® = Bar? dw log = 
wW Ww 


For formulae (97.2}-(97.5) to be valid, it is necessary that at least one of the 
electrons should remain ultra-relativistic after emission of radiation, i.e. the photon 
frequency must be sufficiently far from the hard boundary of the spectrum (the 
maximum frequency wma that can be emitted). The final energy. of the electrons is 
least, and the photon energy greatest, when both electrons move, after emission, in 
the direction of the photon at equal speeds. The conservation laws then give 


E+M = Wmaxt 2€', lp] = @max + 2|p’]. 


Hence, eliminating ¢«’ and p’, we have 


(e +m — Wmax)” = (|p| oe Wmax)” = 4m? 


and 
_ m(e—m) 
Wmax = mae [pl (97.6) 
When e > mM, wma ~ €. Thus formulae (97.2)—(97.4) are valid if 
Wma W@~E~W>mM., (97.7) 


The cross-section (97.2) for emission by the fast electron is exactly equal to that 
for electron—nucleus bremsstrahlung when the nucleus has Z = 1 (formula (93.17)). 
This agreement is not fortuitous, and can be explained by considering the 
significance of recoil in the emission process. 

In deriving (93.17) we neglected the recoil of the fixed particle (the nucleus), 
replacing it by a constant external field. This was equivalent to neglecting the time 
component of the momentum transfer 4-vector q = p'—p +k (the recoil energy). 
We shall show that, in the ultra-relativistic case, this treatment is permissible for 
electron—electron as well as electron—nucleus bremsstrahlung. 

We write 


-q?=—(e'+ we) +(pj+o— py) + (pi- pi)’, (97.8) 
where the subscripts indicate the components of the vectors p’ and p (the initial and 


final electron momenta) parallel and perpendicular to the direction of the photon k. 
In the ultra-relativistic case the angles 6, 0’ between k and p, p’ respectively are 
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small: @< m/e, @’< m/e’. Hence 


|pi| ~ |p|6 ~ m, 
2 2 
soles Do a I Be 


and similarly for p; and pj. 
Neglecting recoil, we have e’+ w — e = 0; the term pj+ w — py~ m’/e, and so 


—q?~(pi- pi) ~m’. (97.10) 
The energy of (electron-electron) recoil is 
qQo=e't+w-—e~q'/2m~m. (97.11) 


The change in p; due to the change in e’ is negligible. The change in q’ with 
allowance for recoil, which we donote by Aq’, is therefore given by the first two 
terms in (97.8). Using (97.9), we have 


Comparison with (97.10) shows that Aq’?<j|q’|, and the neglect of the recoil is 
therefore justified.t 

The fact that the fast particle emits into a narrow cone (with aperture angle 
~ m/e) in the direction of its motion enables us to deduce the cross-section in the 
centre-of-mass system by a simple conversion of the cross-section (97.2) from the 
laboratory system.¢ 

In the centre-of-mass system the two electrons emit in the same manner, each 
in the direction of its motion. (It may be noted that this gives an intuitive 
explanation of the absence of interference between the radiation from the two 
particles.) The energy E of the ultra-relativistic electron in this system is related to 
its energy e in the laboratory system by 2E’= me; the respective photon frequen- 
cies © and w are related by w/e =1/E. These equations are easily obtained by 
comparing the values of the invariants (p,p2) and (p;k) in the two systems. The 


cross-section for emission by each electron in the centre-of-mass system is there- 
fore 


da" = do 
_ 40 FO ( E £2 _2)( ee) 2) 12 
4ar;, a E-ot E 3 log — tq 0 5 J (97.12) 


+ This conclusion is, of course, valid a fortiori in the case of electron—-nucleus bremsstrahlung, for 
which the recoil energy qo~ q’'/2M ~ m’/M, where M is the mass of the nucleus. 

+ In general such a conversion is not possible, because the contribution to the spectrum in a given 
frequency range dw comes from photons emitted in quite different directions. 
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For (97.12) to be valid it is also necessary that the photon frequency should not 
be close to the boundary of the spectrum. For an ultra-relativistic particle, the 
above-mentioned transformation gives immediately, when wma = €, 


O max ae WmaxE/€ = BF. (97.13) 


Thus, in the centre-of-mass system, the electrons can emit only half of their total 
energy 2E. A direct calculation of Q,,x 1s easily performed by noting that, after the 
emission of such a photon, the electrons will move (in that system) at equal speeds 
in the direction opposite to that of the photon. We have 


2E =2E' + QOnmax, 2\p'| = max, 
whence 
QO sax = P/E =E-m’/E, (97.14) 


and in the ultra-relativistic case again (97.13). Thus formula (97.12) is applicable 
under the condition 


Qmax -Q~ E-O>m. (97.15) 


We shall now give some formulae for emission in the centre-of-mass system in 
the opposite limiting case, near the boundary of the spectrum, whent 


Oinax — 1 < m. (97.16) 


Since in this case the recoil is very important, the results differ from those for 
scattering by a fixed centre and are also different for electron-electron and 
electron-positron scattering (V. N. Baier, V. S. Fadin and V. A. Khoze, 1967). 

In electron-electron scattering, besides the squares of the diagrams (97.1), there 
is also a contribution to the emission cross-section near the boundary of the 
spectrum from products (interference terms) of the direct and exchange diagrams, 
in which a given initial particle emits, for example, the product of the second 
diagram (97.1la) and the diagram 


This is because, near the boundary, the final particles have similar momenta and 
there is no reason for the exchange terms to be small. The final result for the 


+ The result obtained in the Born approximation is, of course, as usual valid only if the relative 
velocity of the final electrons is large in comparison with a. If not, the interaction of the particles in the 
final state has to be taken into account. 
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cross-section iS 


LE(Qmax—- 2)? dO 


do = ar? a 0... (97.17) 


In electron—positron scattering, a logarithmically large contribution to the emis- 
sion cross-section comes from the squares of annihilation diagrams, in which there 
is emission by the initial particles: 


\ i 
-p. —L—___~. —_— Dp. “Pp. ———_,__1_ p_ (97.18) 
| | 
-p, —-—_L—— p -p —+_L—.—_ p’ 


The squares of other diagrams are significant when the accuracy 1s not logarithmic, 
but the interference terms are small. The final result is 


2 LE Ooan— OF ( 2E Fi 


do = 2ar-. oft | 0... (97.19) 


Thus the emission in electron—positron scattering is logarithmically large in com- 
parison with that in electron—electron scattering. 


§98. Emission of soft photons in collisions 


Let doy be the cross-section for a given process of scattering of charged 
particles, which may be accompanied by the emission of a certain number of 
photons. Together with this process, we shall consider another which differs from it 
only in that one extra photon is emitted. If the frequency w of this photon is 
sufficiently small (the necessary conditions will be formulated below), the cross- 
section do for the second process is related in a simple manner to doo. 

When w is small, we can neglect the influence of the emission of this quantum 
on the scattering process. The cross-section do can therefore be represented as a 
product of two independent factors, the cross-section do» and the probability dw of 
emission of a single photon in the collision. The emission of a soft photon ts a 
quasi-classical process; the probability is therefore the same as the classically 
calculated number of quanta emitted in the collision, i.e. the same as the classical 
intensity (total energy) of emission dI, divided by w (= fw). Thus 


do = doy dl/w. (98.1) 


We shall show how this formula can be derived from the general rules of the 
diagram technique (J. M. Jauch and F. Rohrlich, 1954). 

The diagrams for the process involving an additional photon are obtained from 
those for the original process by adding an external photon line which “branches 
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off” from some (external or internal) electron line, i.e. by replacing 


k\ 
» (98.2) 
en by pee ne 
p p-k p 


It is easily seen that the most important diagrams will be those in which this change 
is made in external electron lines. For, if p is the momentum of the external line 
(p?=m_’), then for small k we have also (p —k)’~m’, i.e. the factor G(p — k) 
added to the diagram ts near its pole. 

For an initial electron line p the change (98.2) amounts to the following change 
in the reaction amplitude: 


u(p)>eV (41)G(p — k)(ye*)u(p) 


= eV (47) PT (ye*\u(p) 
p m 
= — eV (47) a (ye*)u(p). 


Since (yp)(ye*) = 2pe* — (ye*)(yp) and ypu(p) = mu(p), we obtain the following 
rule: ' 


u(p)—>—eV (47) oe u(p). (98.3) 


Similarly, for a final electron line p’, the replacement of 


aa 
\ 
p’ p’ p’'t+k 
~in the diagram implies the change 
: -, » (p'e*) 
ii(p')> eV (477) ai(p’) (p'k) (98.4) 


in the amplitude. 

In the rest of the diagram we can everywhere neglect the changes in the 
momenta of the lines as a result of the emission of the photon k. Here it is assumed 
that the photon energy w is always small in comparison with the energies of all the 
particles participating in the reaction (and in comparison with those of the hard 
photons, if any, that are emitted). 

Let the cross-section doo refer, say, to the scattering of an electron by a fixed 
nucleus (with possible emission of hard photons). The amplitude of this process, 
which will be conventionally called “‘elastic’’, is 


Mi? = a(p’)Mu(p). 
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Making the successive substitutions (98.3) and (98.4) and adding the results, we 
obtain the bremsstrahlung amplitude for emission of ‘the same hard photons 
together with a soft photon k:T 


My = Mffev(an)(Po? a oa ). (98.5) 


Accordingly, the cross-section is 


(p'e) (pe)|? _d’k 
(p'k) (pk)| (27)2w’ (98.6) 


da = do.,: 47re’ 
Summation over polarizations of the photon k gives 
‘5 ’ 2 dek 

da =-e Oi c= an Ane doe. | (98.7) 


In terms of three-dimensional quantities, this formula becomesf 


els (98.8) 


vXn vXn ) 429 do 
l-v-en l-v-en/ 47°o © 


do = a( 


where n= k/w, and v and v’ are the initial and final velocities of the electron. We 
see that the coefficient of do, is in fact the same as the classical intensity of 
emission (cf. Fields (69.4)), divided by w, as already asserted in formula (98.1). 

The condition for the above formulae to be applicable is that not only is w small 
compared with e« but also the momentum transfer q to the nucleus is large 
compared with the change 5q in this quantity due to the emission of the soft 
photon. We have : 


5q = (p’— p—k)—(p’— p).=0 
= 5p’ —k, 


where |S5p’'|~ walp'|/de ~ w/v and |k|=. In the non-relativistic case (v <1), we 
therefore obtain the condition 


w/|q|v <1. (98.9) 


For scattering by a Coulomb potential (or by any potential that decreases slowly 
with increasing distance) |q|~ 1/p (where p is the impact parameter), and so this 
condition can also be written as wr <1, where + ~ p/v is the characteristic time of 
the collision. 


t It should be noted that the difference term in this formula arises naturally from gauge invariance: 
the reaction amplitude must be unchanged when the polarization 4-vector e is replaced by e + constant 
k. 


t To derive (98.8) it is convenient to return to (98.6), putting p = (e, ev), pk = ew(1—v-n),...,¢= 
(0, e), and then summing over polarizations by means of (45.4a). 
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In the ultra-relativistic case, the photons are emitted chiefly in directions near v 
and v’, as is seen from the denominators in (98.8). If the electron scattering angle @ 
is small, the directions of all three vectors p, p’, n are close together. Then 


[Sq] = [5p'| — |k| 
-o(ty 
v 
~ wm?/e’, 


and, since |q| ~ 0, we obtain the condition 


2 


wm 
6 are (98.10) 


Because the formulae (98.5}-(98.8) are quasi-classical, they are valid for emis- 
sion by any charged particles, not necessarily electrons as assumed in the deriva- 
tion. In general, when several such particles take part in the reaction, formula (98.5) 
must be put in the form 


'o* * 
Ma = M@eV(4a) 5 z(t er), (98.11) 


where the summation Is over all the particles (with charges Ze); formulae (98.6)- 
(98.8) are changed similarly. 
In particular, in the non-relativistic case 


M, = M® eV Gn) > Z(v'—v) + e*. (98.12) 
For two particles, this formula becomes 


My = Myo ¥ G7) (Ae - Se) 2 e*, 


2 wet. Mg (98.13) 


q = m(v'—v), m = m,m2./(m, + m), 


where v and v’ are the relative velocities of the particles before and after the 
collision. From this, on integrating |Mji|’ over the directions of emission of the photon 
and summing over the directions of polarization of the photon, we find the 
nonrelativistic frequency distribution of the radiation: 


a (iy pee 


do. = daz m, m3 ee 


The above results can be generalized to the case of simultaneous emission of 
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several soft photons. For each photon there is an additional factor in M,;, similar to 
the coefficient of M{<” (98.5). This is easily seen directly for the example of two 
photons, say. The lines of the two emitted photons have to be added on external 
electron lines, and in two different orders, so that a diagram with external line p is 
replaced by two diagrams with the lines 


k, k k, 


\ IPN Me 
YQ KON 
ar Na Ne and 
p-k,-k, p-k, p p-k,-k, p-k,~ Pp 


respectively. They contain the factors 


l 1 1 l 
gee Qi ea ee 
2(pk, + pka) 2pk, °° -2(pk, + pk) 2pkz 


(the denominators of the electron propagators) respectively, and their sum is 


t ol 
2pk, 2pk,’ 


i.e. it is the product of two independent factors relating to the first and the second 
photon. Then, in the sum of all the diagrams, the terms combine (because of gauge 
invariance) to give the product of differences 


The cross-section for the process separates into factors in accordance with the 
factorization of the amplitude. The soft photons are therefore emitted in- 
dependently. The cross-section for emission of n soft photons can be written 


do = doa dw... dWa, (98.14) 


where dw, dw2,... are the probabilities of individual emission of the photons k,, 
k2,.... When this formula is integrated over a finite range of values of the variables 
(frequencies and directions), the same for all quanta, a factor 1/n! must be included 
in order to take account of the identity of the photons. 

If the emission cross-section (98.1) is integrated over frequencies in some finite 
range from w, to w2, the resulting expression is 


do ~ a log(w2/) doa; (98.15) 


cf. (98.8). Here it is assumed that both frequencies are soft, and the possible values 
of w, are therefore limited by the condition for the method to be applicable. With 
logarithmic accuracy, however, we can put w,~ «, where « is the initial energy of 
the emitting particle. The values of w,; have no lower limit, but on letting w, 0 we 
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see that the cross-section for emission of all possible soft quanta is infinite. Let us 
investigate the significance of this “infra-red catastrophe” (F. Bloch and A. 
Nordsieck, 1937). 

When 


a log(e/w,) 2 1, (98.16) 


we have do = do,,. This, however, means that perturbation theory is inapplicable, 
and do cannot be calculated as a quantity of a higher order of smallness than do,.. 
Thus in this case the small parameter must be taken as a log(e/w)), not a. 

The derivation of formulae (98.5) and (98.6) from perturbation theory is there- 
fore invalid at sufficiently low frequencies. The classical formula for the intensity 
dI (Fields (69.4)), on the other hand, becomes more nearly correct as w decreases. 
Hence formula (98.1) remains valid if its meaning is made somewhat more classical. 
In this formula it has been assumed that one photon 1s emitted. Then the energy 
lost by the particle as radiation is equal to w and the “relative energy loss 
cross-section” is wdo/e or 


do; dle. (98.17) 
In reality, for sufficiently small w, the emission probability is not small, and the 
probability of emission of two or more photons is greater, not less, than the 
probability for one photon. Under these conditions, the expression (98.17) remains 
valid but the classical intensity dI determines, instead of the probability of 
emission of one photon, the mean number of emitted photons 


dn = dl/w, (98.18) 


or, in a finite range of frequencies, 
n= | dI/w. (98.19) 


Since the soft photons are emitted in a statistically independent manner (this 
being true in every approximation of perturbation theory), Poisson’s formula can 
be applied to the process of multiple emission: the probability w(n) that n photons 
are emitted is given in terms of the mean number fi by 


w(n)=n"e"/n!. (98.20) 


The cross-section for a process of scattering with emission of photons may be 
written 


do = do. : w(n). (98.21) 


Since ~ w(n) = 1, do, is the total cross-section for scattering accompanied by the 
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emission of any soft radiation. This is evident from a classical treatment; according 
to perturbation theory, however, do,, is the purely elastic scattering cross-section. 
But perturbation theory is inapplicable here. Thus we find that do,, calculated by 
perturbation theory as the elastic scattering cross-section actually includes the 
emission of any soft photons. The true value of the purely elastic scattering 
cross-section is zero: as w, 0, the mean number n >, and according to (98.20) 
the probability of emission of any finite number of photons vanishes.t 


PROBLEMS# 


PROBLEM |. Find the spectral distribution of soft quanta emitted in ultra-relativistic electron- 
nucleus bremsstrahlung. 


SOLUTION. Integration of (98.8) over dox gives 


do = aF (£)(dw/w) doa, (1) 
where 
2 
Fe) == | Shard lowe + Vie + y- 1], as 
é= I sin 36, 


p being the electron momentum and @ the scattering angle. In the ultra-relativistic case, the most 
important range of angles is 


m’wle?><0<mle; (3) 


the lower limit is given by the condition (98.10), and the upper limit is discussed below. Here 
& = c6/2m <1, so that 


F(€) = (8/377) €’, 
and the electron-nucleus elastic scattering cross-section is (see (80.10)) 


2 
dou = 4Z'r? “ «. (4) 


The integral 
dow = #Z’ ar? 2 | ae 
w e @ r) 


diverges logarithmically; it is cut off below at angles 9 ~ m’w/e’ and above at &~ 1, i.e. at angles 


6~mile. When >, F ~ (4/7) log € and the integral converges. Thus we have, with logarithmic 
accuracy, 


= 1f72,,2d0) 
dow = €Z? ar? * log (5) 


which agrees with the logarithmic part of formula (93.17) (where we must put e ~ ce’). Non-logarithmic 
accuracy can be achieved only by going beyond the quasi-classical range. 


t+ We shall return to a more detailed discussion of this in §130, in connection with radiative 
corrections. 


¢ The following applications of formula (98.7) are due to V. N. Bafer and V. M. Galitskif (1964). 
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PROBLEM 2. For a collision between two ultra-relativistic electrons, determine (in the centre-of- 
mass system) the cross-section for simultaneous emission of two soft photons in opposite directions at 
small angles to the electron momenta. 


SOLUTION. Photons moving in opposite directions are emitted by different electrons, each in the 
direction of its motion. The cross-section for simultaneous emission 1s 


Sie: det | dw2 
do = dow aF(g) “**- aF(é) =] ‘e 


& =(e/m) sin 20, 


where e is the energy of each electron, 6 the scattering angle in the centre-of-mass system; @ is the 
same for each electron. No factor } is needed in the cross-section, since the photons are certainly 
emitted in different directions. The cross-section for elastic scattering of the electrons through small 
angles in the centre-of-mass system, in the ultra-relativistic case, is the same as (4); cf. (81.11). Unlike 
(1), the cross-section (6) behaves as 6d@ when 6 —0, and the integral therefore converges. On the one 
hand, this enables us to extend the integration to 6 =0, without any difficulty that the method might 
cease to be applicable. On the other hand, the main contribution to the integrated cross-section now 
comes from the region @ ~ m/e, not 6 < m/e, and so the exact expression (2) has to be used. The result 
of integrating the cross-section over scattering angles is 


dorm = = [5+ E(B) ria? 2 


W2 


dw) dw? 
= §.9r2q? — 
W1 Ww? 


the value of the Riemann zeta function being ¢(3) = 1.202. 


§99. The method of equivalent photons 


Let us compare two processes described by the diagrams 


Q q QO f° 
(b) : 

a ao p 
where the circles represent the whole of the internal parts of the diagrams. Diagram 
(a) represents a collision between a photon k (k*=0) and a particle having 4- 
momentum q (and mass m; q?= m7’). The system resulting from the collision is a 
particle or group of particles having total 4-momentum Q. Diagram (b) represents a 
collision between the same particle q and another particle having 4-momentum p 
and mass M (p’*=M_°’). After the collision, the latter particle has 4-momentum p’, 
and the same system Q is formed. The second process may be regarded as a 
collision between the particle q and a virtual photon emitted by the particle p and 
having momentum k=p-—p’' (k’<0). If |k|? is small, the virtual photon is not 
greatly different from a real photon. Such a situation is evidently possible in 


collisions of very fast particles: the electromagnetic field of a charged particle 
moving with v ~ 1 is almost transverse, and therefore has properties similar to 


(99.1) 
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those of the field of a light wave. Under these conditions, the cross-section for 
process (b) can be expressed in terms of that for process (a).f 

We shall thus suppose that the particle M is ultra-relativistic, with energy (in 
the rest frame of the particle m) « > M. If the masses of the colliding particles m 
and M are different, we shall take the case where m < M. 

The amplitude of process (a), which involves a real photon, can be written 


M$? = — eV (4r)(e,J"), (99.2) 


where e, is the photon polarization 4-vector and J” the transition current cor- 
responding to the vertex (the circle) in the diagram. The amplitude of process (b) is 


47 


Mj = Ze EE GJ"), (99.3) 


where j, 1s the transition current of the particle m (the lower vertex in the diagram), 
and Ze is the charge on this particle. The current J is a function of k = Q —q, and 
is therefore not the same in the two cases, since k? = 0 in (99.2) and k? # 0 in (99.3). 
But if, in the second case, 


\k2>| < m?, (99.4) 


we can here also take J for k?=0. 

The change in the momentum of the particle M when a virtual photon is 
emitted, p— p’ =k, is small in comparison with its initial momentum |p| ~ €; we can 
therefore put p = p’ in the transition current j. That is, the motion of the particle M 
may be regarded as uniform motion in a straight line. Since such a motion is 
quasi-classical, the corresponding current is independent of the spin of the par- 
ticle:} 


j* =2p’. (99.5) 


The condition for the current to be transverse (jk = 0) now gives ew — p,k, = 0, 
the x-axis being taken in the direction of p. Hence 


w = vk,, (99.6) 

where v = p,/e is the velocity of the particle M. Since 
—k?=-@'? +k? +k? = w(1- v0’) +k?, (99.7) 
where k, is the component of the vector k transverse to the x-axis, the condition 


+t The method given below is due to C. F. von Weizsacker and E. J. Williams (1934); the basic idea 
had been stated earlier by E. Fermi (1924). 

¢ When the wave functions are normalized to one particle in unit volume, the current j* = (1, v), 
where v is the velocity. We have, however, decided (§64) to omit the normalization factor 1/V/(2e) in the 
wave functions. Accordingly, j* must include a further factor 2, and this gives the expression (99.5). 
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(99.4) is equivalent to the inequality |k,|<m and to a considerably weaker 
inequality for w: w <m/V(1- v’). 

From the condition for the current J to be transverse (Jk = 0) we have, using 
(99.6), 


hi ,ick 


as W 


Jo=- 


We therefore obtain for the scalar product jJ 


JJ = 2Voe — Jepx) 


~2= (Kk. 1, +24 5) (99.8) 
The product Je in (99.2) can be expanded by taking the polarization 4-vector of 
the real photon in the three-dimensionally transverse gauge: ek =—e-k=0, 
whence e, ~ —e, 'k,/w. Then 
kK, 
le2 =e. (5, -=4,), (99.9) 


The expressions (99.8) and (99.9) are proportional if the second terms in the 
parentheses are negligible. Since the current J pertains to the upper vertex of the 
diagram (99.1b), it does not depend on the direction of p; hence J, and J, must be 
taken to be quantities of the same order. For the terms in question to be negligible, 
therefore, we must have |k,|<w and w <e’|k,|/M’; these conditions are com- 
patible with the previous ones on k, and w. 

Assuming that in (99.9) the photon 1s polarized in the plane of x and k (so that 
e ilk 1) and noting that the conditions stated imply that e2 ~ e? = 1, we now have 


» ZeV (477) 2 
ere 


M; = M$ Ik, |. (99.10) 


In accordance with the previous discussion, the following conditions are here 
assumed satisfied: 


k.|<w <my, (99.11) 
wl y? <|ki| <m, (99.12). 

with the notation 
y=elM = 1/V(1- v). 


From this we can find the relation between the corresponding cross-sections. 
According to the general formula (64.18) we have (in the rest frame of the 
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particle m) 


do, = |MJP(2m)'8(P, ~ P,) z~— dg 


| d’p' 
_ ng (2 45 p, — Pp.) —_——+_, 


where dpg represents the statistical weights of the particles Q. Using (99.10) and 
(99.7), we find 


do = da, - n(k)d’p’, (99.13) 
where 


Ze? k? 
= ke eo Ty (99.14) 
Here do, is the cross-section for process (a), resulting from a collision between a 
real photon and a particle at rest, in which a system of particles Q is formed which 
have momenta in certain ranges; do refers to the process (b) of formation of the 
same system Q when a fast particle (of mass M) collides with the same particle at 
rest, loses momentum p — p’ = k, and remains in the range d’p’ of values of p’. The 
factor n(k) in (99.13) may be interpreted as the number density (in k-space) of the 
photons equivalent to the electromagnetic field of the fast particle. 

The integration over d’p’ is equivalent to one over d°k = dw d’k,. On integrat- 
ing over d’k,, we obtain the cross-section for a process in which the total energy E 
of the system of particles Q lies in a given range dE = dw (E-—m=e-€'=a, 
where e and e’ are the initial and final energies of the particle M). Integration over 
the directions of k, signifies averaging over the directions of polarization of the 
incident photon (and multiplying by 271). The result is 


do = n(w) do, da, (99.15) 


where 


n(w) = | n(k)27k, dk, 


2Z’e’ k> dk, 
aw J (ki + w?/-y*)* 


The integral over dk, diverges when k, is large, but the divergence is only 
logarithmic. This enables us (within the range of validity of the method) to obtain a 
result in the logarithmic approximation: it is assumed that not only the argument of 
the logarithm but the logarithm itself is large. To this accuracy, it is sufficient to 
take as the upper limit of integration kimax~ m, the upper limit of the inequality 
(99.12). Integration then gives for the frequency distribution of equivalent photons 
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(in ordinary units) 


ymc* dw 
hw w 


n(w) dw = = Za log (99.16) 


The approximation used here signifies that the numerical coefficient in the 
argument of the logarithm remains indeterminate. The inclusion of such a 
coefficient would mean the addition of a relatively small quantity (~1) to the large 
logarithm and would be superfluous having regard to the accuracy of the method. 


PROBLEMS 


PROBLEM 1. From the photon-electron scattering cross-section, find the bremsstrahlung cross- 
section in a collision between a fast electron and a nucleus. 


SOLUTION. In the frame of reference K, in which the electron is at rest before the collision, the 
process may be regarded as the scattering by the electron of the equivalent photons of the field of the 
nucleus.t According to (86.10) the cross-section for scattering of a photon by an electron in the frame 
K, 1S 


Wi wy Wi Wy W} Wy 


! , 2 \ 
dow, wi) = nr ewe St (=-=) -2m(2-2)], (1) 
3 | 


where w and w} are the initial and final energies of the photon in this frame. The bremsstrahlung 
cross-section in the frame K, ts 


dov(wi) = dw, > n(wi) dox(w1, wi), (2) 


where n(w1) is the function (99.16). Since the cross-section is invariant, the change to a frame K in 
which the nucleus is at rest involves only a change in the frequency w;. The frequencies w; and w’ in the 
frames K; and K are related by the Doppler formula 

w'=ywi(l-vcos@), y=I/V(l-v), (3) 


where 4; is the scattering angle in the frame K,. The same angle relates w; and w, according to (86.8): 


5-4 =L(1~cos 61). (4) 


@] @y 
From (3) and (4) we have 
wi = wie'/e, (5) 


where e€ (=my) and e’ are the initial and final energies of the electron in the frame K (¢€ — €’=w’). 
Substituting (5) in (1), we find 


2 2 

2mdw' /(e' « mw” 2mo' 

dex = 1re — = a 1 |e 
em, \E€ € E' Wi Wie 


This expression is to be substituted in (2) and the integration over dw, carried out with w' (i.e. e') fixed, 
the range being from 1, min = mw'/2e' tO wWi,max = 2ew’/m; these values are given by (3) and (4) with 
6, = 0 and 6, = 7. Because the integral converges rapidly for large w:, the main contribution to it comes 


t The scattering of virtual photons by the nucleus (in the rest frame of the nucleus) is excluded by 
the large mass of the latter: the scattering cross-section tends to zero with increasing mass of the 
scattering particle. 
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from the range of w; near the lower limit, i.e. we may put wi,max2>™. Calculating the integral with 
logarithmic accuracyt, we have 


dw'e'f{e e&' 2 EE! 
dow = 4riaz = (5 ae 5) OS aa 


For this result to be valid, besides the condition ¢ >m (ultra-relativistic electron), the condition 
(99.11) must also be satisfied: the frequencies w) ~ w1, min important in the integration must be <e. Hence 
€ —&'=w'<ee'/m. Under these conditions the result agrees (to logarithmic accuracy) with (93.17), as it 
should. 


PROBLEM 2. The same as Problem 1, but for electron—-electron bremsstrahlung. 


SOLUTION. In this case, the virtual photon can be scattered either by the fast electron or by the 
recoil electron; the photons equivalent to the field of either electron are scattered by the other. The 
scattering of virtual photons by the fast electron gives the cross-section dot, which is equal to the 
cross-section for an electron and a nucleus with Z = 1. 

The scattering of virtual photons by the recoil electron gives a cross-section 


= | dw - n(w) do;(w, w'), 


with do.-(w, w’) given by (1) with the appropriate change of notation for the frequencies. The range of 
values of w for given w’ is (cf. (4)) 


! 
wo <w so for w’ >3m, 


! eee 
w' <w <w'/(m—2w') for w' <2. 


When w’ < 3m, integration with respect to w gives 


' 2 


do® = far? ou. (1 ~ = + =.) log = 


in agreement with (97.4). But when w’ > 2m we must distinguish the cases w’ ~ m and w’~ e > m. In the 
former case, 


mom € 
do? =ar (4-%+ } lo —, 
sara (aera) 


in agreement with (97.3); in the argument of the logarithm we have, with sufficient accuracy, re laced 
e/w' by e/m. In the case w’ ~ e, the method of equivalent photons is not valid for calculating dot. The 
frequency w of the virtual photons takes values beginning with w’, and the condition (99.11) is therefore 
not satisfied when w = w’~ e. 


PROBLEM 3. Determine the total pair production cross-section in a photon-nucleus collision from 
the pair production cross-section in a collision between two photons. 


SOLUTION. The energy of the photon in the rest frame K of the nucleus is w > m. If we change toa 
frame Ko in which the nucleus moves to meet the photon at a speed vo such that 1/V(1 — vd) = dw/m, then 
in this frame the photon energy is 


wo = 0 TG 5 = 30 V(1— vd) = 


The required cross-section o is calculated in the frame Ko as the pair production cross-section in 
collisions between an incident photon wo and the equivalent photons of the nucleus, whose energy we 
denote by w’: 


o = [ onto’) dw’, 


t This means that, by one integration by parts, the term containing the large logarithm is separated 
and the remaining terms then neglected. This operation is equivalent to taking the logarithm log(e/w1) 
outside the integral, with wi = 1, min. 
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where o,, is the cross-section for pair production by two photons and is given by §§88, Problem, 
formula (1), with 


v = V(1— m?/wow') = V1 — m/w’). 


Changing to the variable v instead of w', we have 


1 
o = 2riaZ | v logtw(1 — v\Im){G3 — v*) log; : ; = 
0 


2v(2- »} dv. 


Because of the convergence at the upper limit, the integral may be taken over the whole range from 
the reaction threshold w’=m (v=0) to w’=& (v= 1) and with logarithmic accuracy (replacing 
log[w(1— v’)/m] by its value for v = 0 and taking it outside the integral). The result is 

o = FaZ?r log(w/m), 


in agreement with (94.6); this formula is valid when log(w/m) > 1. 


§100. Pair production in collisions between particles 


Electron-positron pair production in a collision between two charged particles 
is described by diagrams of two types: 


Se Se Ge 
| 
| 
| 
l | | (100.1) 
en Ser ae aCe ie eee ree el 
P. -P, P -P, 


(a) (b) 


The two upper continuous lines in each diagram correspond to the colliding 
particles, and the lowest line to the pair formed. 

Let us consider a collision of two heavy particles (nuclei) in the ultra-relativistic 
case. The change of the motion of the particles themselves in such a collision may 
be neglected, i.e. they may be regarded as external-field sources.f This corresponds 
to two diagrams of the first type: 


tg) q (2) 


= 


Pp. p -P, p_ p -p, 


! 
| (100.2) 


(AQ) 


where q’’, q 
two particles. 
The potential A’ = (Ao, A) due to a classical particle moving with a uniform 


are the “momenta” of the Fourier components of the fields of the 


t The collision of two light particles (electrons), where the change in the motion cannot be 
neglected, is a considerably more complicated case; see the book by Baier et al. cited in $93. 
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velocity v satisfies the equations 


Ao = — 47Zed(r — vt — ro), 


OIA = — 4rZevi(r — vt — ro). 
Its Fourier components are 


2 
Ao(w, k) = — ares e'*''0 §(w —k- vy), 


and similarly for A(w, k). In four-dimensional form, 


2 
A"(q) = - SES e'moU"6(Ua), 


where U is the 4-velocity of the particle, and the 4-vector xo = (0, ro). If nucleus 1 1s 
at rest at the origin (r}” = 0), then p=r¥ is the impact parameter vector (in a plane 
perpendicular to the direction of motion of nucleus 2). This expression for A“(q) 1s 
to be used in writing analytically the diagrams (100.2). 

There is, however, no need to use this method for the actual calculations in the 
present case. The pair production cross-section may be determined by the method 
of equivalent photons, using the already known photon—nucleus pair production 
cross-section. The replacement of the field of one particle (the first, say) by a 
spectrum of equivalent photons implies that in the diagrams (100.2) the lines q‘” are 
regarded as real-photon lines. The two diagrams then become identical with the 
diagrams corresponding to pair production by a photon at nucleus 2. When e«,, 
e_>m, the cross-section for the latter process is given by (94.5). Multiplying this 
cross-section by the spectrum (99.16) of equivalent photons of the first nucleus, we 
obtain (with logarithmic accuracy) for the differential cross-section for pair 
production in a collision between particles 


me) 2 2 de, de_ 2 2 2 EE my 
do = r3(Z,Z2.a) Cay +e.) (e, +e.+ fe,€_) log = Se a log Gore, 
(100.3) 
where y = 1/V(1- v0’) > 1. 
Here it is assumed that 
m <e,,e.-<my; (100-4) 


the right-hand inequality is the condition for the method of equivalent photons to 
be applicable. The range defined by the inequalities (100.4) is the same as the 
electron and positron energy range which is important in the integration of (100.3). 
On integration over de, or de_- for a given sum ¢ =e, + e_ (>m), the important 
range is the one near the upper limit; omitting terms which do not contain the large 
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logarithm, we find 


528 


my de 
On ; 


& 1 


do r2(Z,Z.a) log _ log 


The integral with respect to e over the range (100.4) diverges as the cube of the 
logarithm, but only as the square of the logarithm at the boundaries of the range. In 
the logarithmic approximation (log y > 1), therefore, the range (100.4) is in fact the 
most important one, and the integral can be taken over the range from m to my. 
Since 


d 
| log E(log y ~ log é) ’ =} log? y, 
l 


the total pair production cross-section 1s 


_ 28, a3 I 
c= 7a r(Z,Z2a)° log Va—0 (100.5) 


(L. D. Landau and E. M. Lifshitz, 1934). 

Let us now consider the case of non-relativistic velocities of the colliding 
nuclei. The change in their motion due to their interaction then becomes important, 
and the main contribution to the pair production cross-section comes from 
diagrams of the second type tn (100.1). There are four such diagrams: two of them 
are 


P, a a ea a 2 P, ee 
| | 
| | 
eee eames ee, §«©=»-_ 1006) 
I | 
i" i 
Pp. —e—— l= - P p_ —_—_~_|—-—- __p 


and the other two are similar except that the virtual photon k (which produces the 
pair) is emitted by the first nucleus and not by the second.f 

We shall suppose that the energy of the pair is small compared with the kinetic 
energy of the relative motion of the nuclei in their centre-of-mass system: 


e,te_<4tMv’, (100.7) 


where v is the initial relative velocity and M = M,M)/(M, + M2) ts the reduced mass 
of the nuclei. Then the reciprocal effect of pair production on the motion of the 
nuclei can be neglected. If the electron—positron line in the diagrams (100.6) is 
omitted, the remainder will represent the emission by the colliding particles of a 


+ Altogether 36 diagrams correspond to pair production in a collision between two electrons: 
2! x 3! = 12 diagrams of type a, differing by interchanges of the two initial and three final electrons, and 
2x 2! x 3! = 24 diagrams of type b, obtained in a similar way from the two diagrams (100.6). 
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low-frequency virtual photon (w = «,+e-). Thus we return to the situation dis- 
cussed in §98 for the emission of a real soft photon, and can use the formula (98.13) 
derived there for the non-relativistic case (except that the amplitude V(47)e* of 
the real photon will be replaced by the virtual photon propagator).f Thus the 
amplitude of the whole process of pair production becomes 


My = Mi? (512 — S82) q'D,, (k)[-ie(_y"u.], (100.8) 


WwW 


where q = (0,q), q= M(v'—v). 
As usual, the photon propagator in the non-relativistic case is to be taken in the 
gauge (76.14). From the amplitude (100.8) we find the cross-section for the process: 


= ZZ) d’p. d’p- ay: Ou. 
pe eee (7 M,) Jer -2e_Onfolo?— ky 47) 14-¥: Quel 
(100.9) 


where 


l 
@O=e,Tt E-_, k=p.+p-_, Q=q-—ik(q: k); 


do.; is the cross-section for elastic scattering of one nucleus by the other, in their 
centre-of-mass system, and is given by Rutherford’s formula:¢ 


doe = 4(Z,Z,e’)M? dolq' 
~ 4(Z Ze)? ae (100.10) 
the last equation assumes that the deviation of the nuclei from their original 


direction of motion (the x-axis) is small. Substituting this expression in (100.9) and 
summing over polarizations of the pair in the usual manner, we obtain 


_ 20° (Zi  Z2\’ 
do = (Z,Zye?) <r a) x 
3 3 
x tr{(yp. + m\-y « O)(yps — m)y - Q)} SLE P= ear ee: 100.11) 


4n*e,e_q'(w’* —k’)*w 


The remaining calculation is made in the approximation in which all the 


t In the non-relativistic case, the photon momentum is small in comparison with the change in 
momentum of the radiating particles (|5p| ~ w/v), and can therefore be neglected, in comparison with 5p, 
even when the photon energy is not neglected. This applies a fortiori here to the virtual photon, for 
which the four-dimensional square k? = (ps + p-)’ > 0, so that |k| < w. Under these conditions there is no 
difference between real and virtual photons, and the use of formula (98.13) is thereby justified. 

+ The diagrams (100.6) are shown on the assumption of the Born approximation for scattering of 
nuclei. But, since Rutherford’s formula is exact (for Coulomb interaction), the validity of the results 
obtained does not in fact depend on the fulfilment of the condition for the Born approximation to be 
valid. 
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logarithms occurring in the integration are assumed large. We shall see that, to this 
accuracy, pair energies €,, e->m and angles 6 between p, and p- such that 


mle <0 <1 (100.12) 


are the most important. With the appropriate approximations, the calculation of the 
trace in (100.11) gives 


2 


tr{...}= al (e.e. —p.° p-(a" — a5) + 
+ 2(p. > q)(p- + q) + aa —s- (q+ k)’- 74: (esq: p-+ €-q- p»)|, 


where we can also put |p.| = e., [p-| = e-. In the denominator, 


(e, +6) 
E,E- ; 


w?—k? = e,¢_0° +m? 


Integration over the directions of p, and p-_, for a given angle between them, gives 


Zi 


8 4 
do = 374 (ZiZie°¥ S (Ft - £2) (¢ 2 + £2) de, de_x 


6° dé dq, da, 
*T6 + m“(e, + €_)/ete-] ar ae CoE) 


The form of the dependence on @ confirms the hypothesis (100.12), and 
integration with respect to 6 gives log[e,e-/m(e, + e_)]. Integration of the last 
factor in (100.13) is from q, = q, = 0 to V(q2 + q?)~1/R, where R is a quantity of 
the order of the radius of the nuclei (corresponding to the smallest impact 
parameters; see below). This integration gives 


1 
[aw log(qi + 4} + q2]2= k=)" ~ 27 log Ra, 
The total energy of the pair, equal to the change in the energy of the nuclei, is 


€ =(e,+ e-)=3M(v"— v’) = Mv(v;— v,) = 0g, 


whence q, = e/v. Thus we find 


do = 4° (Z,Zre yee -(Z2— 21)" oe 
7 


E+E, 
M; M, 27 lop Rp, los fae de, de-, 


§101 Emission of a Photon by an Electron 449 


and, after integration over de, or de_ with a given sum E, 
_ 32 2 em? (2-2) vw e de | 
do = on (Z,Z2e°) sr ; log - log . (100. 14) 


The energy e may be correlated with the impact parameter p ~ v/e; the pair 
energy is of the order of the frequency which corresponds to the collision time. 
Hence the logarithmic divergence on integration over de in (100.14) implies a 
similar divergence with respect to impact parameters. This means that large values 
of p are important (and this, incidentally, justifies the use of the cross-section 
(100.10) for scattering in the purely Coulomb field of the nucleus). Accordingly, the 
important range of energy is given by m <e <v/R. Integration of (100.14) gives the 
total pair production cross-section; the final result is (in ordinary units) 


_ 16 2 2(¢) (2m - Zim)’ 3_hv 
a (2,220) 7: : M; M, log mozR (100.15) 


(E. M. Lifshitz, 1935). 


$101. Emission of a photon by an electron in the field of a 
strong electromagnetic wave 


The application of perturbation theory to processes of interaction between an 
electron and a radiation field requires not only that the interaction constant a 
should be small but also that the field should be sufficiently weak. If a is the 
amplitude of the classical 4-potential of an electromagnetic wave field, the charac- 
teristic quantity in this respect is the dimensionless invariant ratio 


€ = eV(-a’)/m. (101.1) 


In this section we shall consider emission processes occurring in the interaction 
of an electron with a field of a strong electromagnetic wave, for which € can have 
any value. The method used is based on an exact treatment of this interaction; the 
interaction of the electron with the newly emitted photons can, as before, be 
regarded as a small perturbation (A. I. Nikishov and V. I. Ritus, 1964). 

Let us consider a monochromatic plane wave, say a circularly polarized one. Its 
4-potential may be written in the form 


A=a,\cos ¢@+ asin d, d = kx, (101.2) 


where k*“ = (w,k) is the wave 4-vector (k? = 0), and the 4-amplitudes a; and a are 
equal in magnitude and orthogonal: 


2 ao 
ai=as=a’, a,a,=0. 


+t A numerical error was corrected by L. B. Okun’ (1953). 
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We shall assume that the Lorentz gauge condition is applied to the potential, so 
that ayk aad ayk = 0. 

The exact wave function for an electron in the field of an arbitrary plane 
electromagnetic wave has been derived in §40, and is given by formulae (40.7) and 
(40.8). We shall, however, change the normalization by making w, correspond to 
unit mean spatial number density of particles, in the same way as the wave 
functions of free particles are normalized to ‘“‘one particle in unit volume’’. Since 
the mean density for the function (40.7) is jo = qo/po, in order to obtain the required 
normalization this function must be multiplied by V(po/qo), i.e. the factor 1/V/(2po) 
in (40.7) must be replaced by 1/V/(2qo). For a wave with the 4-potential (101.2), we 
find 


by = [14 skp kp) Cre va) cos } + (yk)(yaz) sin 63) es 
_ +, (aiP) (a2p) _ 
x exp| ie (kp) sin d + ie (kp (py iax (101.3) 
where 
H— pH _ p92 at rn 
q’=p"—e 2(kp) * (101.4) 


According to (40.14), the 4-vector q is the mean 4-momentum of the electron; we 
shall call it the quasi-momentum. 

The S-matrix element for a transition of the electron from the state y, to the 
state w, with emission of a photon having 4-momentum k* = (w’,k’) and polariza- 
tion 4-vector e’ is 


ik'x 
_f{- ; e 
= — je | W,(ye Wy VQw’) d‘x. (101.5) 
The integrand in (101.5) 1s a linear combination of the quantities 
e iar sin $+ ia Cos 2 


ey ee 
cos d -@ ia, sind a a 


é ae ee, 
sin -e tla, sind aTCORe 


where 


= iP aip' — ,(92P _ a2p' 
ace c= rae ape e( GP - i) (101.6) 


These quantities, together with the factor exp[i(k'+ p'—p)x], give the whole 
dependence of the integrand on x. We expand them in Fourier series, denoting the 
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expansion coefficients by B,, B,,, Bz, respectively; for example, 


e7im sin dt+iaz cos @ _ e ~iV(a}+ a3) sin(d— op) 


a 


= > Be. 


§=-@® 
These coefficients can be expressed in terms of Bessel functions by the formulae 


B, = J,(z) e*, 
By, = 1Ss41(z) et + J_(z) eS 9%}, (101.7) 


Bo, = 5 [Ies(z) el J,_(z) ef), 


where 
z=V(ai+a3), cosdo=aj/z, sin do = a)/z. 
The functions B,, B,;, B2; are related by 
a,B,, + a2B2, = sB,, (101.8) 
which follows from the familiar relation 
J5-1(2) + Jg4i(Z) = 2sJ,(z)/z 


between the Bessel functions. 
The matrix element (101.5) then becomes 


> M$(20)'i8(sk + q - q’—k); (101.9) 


Sti = a" 2qo- 2qn™ 2 


we shall not give here the fairly complicated expressions for the amplitudes M$}. 
Thus S; is an infinite sum of terms, each corresponding to a conservation law 


sk+q=q'+k'. (101.10) 


Since 
g=q?=mM(1+&)=mj, (101.11) 


(cf. (40.15)), and k? = k” = 0, the equation (101.10) can be satisfied only if s = 1. The 
sth term of the sum describes the emission of a photon k’ by the absorption from 
the wave of s photons with 4-momenta k. The form (101.10) shows that all the 
kinematic relationships which occur for the Compton effect will apply to the proces- 
ses considered here if the electron momenta are replaced by the quasi-momenta q 
and the incident photon momentum by the 4-vector sk. In particular, the frequency 
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of the emitted photon in the frame of reference where the electron is at rest on 
average (q= 0, qo=m,) iS 


Sw 


= Ie Gulia = cos 0) eh) 


@ 


where @ is the angle between k and k’; cf. (86.8). We may say that the frequencies 
w' are harmonics of w. 

In the notation previously used (§64), the amplitude of the process of emission 
of the sth harmonic is M}}), and the expression 


dw, =|Myr—— 2k’ d’q' 2n)'8\sk +q—q'—k' 1.13 
s | Wl Oa -Qw’- 2qo 2a; Ty d"(sk+q-—4q ) (101.13) 


gives the corresponding differential probability per unit volume and unit time.t 
The amplitudes M‘! have a structure similar to that of the scattering amplitudes 
with plane waves, u(p')...u(p); the operations of summation over polarizations of 
the particles are therefore carried out in the usual manner. After summation over 
the polarizations of the final electrons and the photon and averaging over the 
polarizations of the initial electron, we have | 


e*m? d?k' d>q' 


dW, = —+- §(sk+q-—q'—k')x 
4 = qoqow ee ae ) 


(kk')’ 


x {~ 2J2(z)+ #(1 + kp kp) 


) Uta + J21- 29} (101.14) 


In order to integrate this expression, we note that, owing to the axial symmetry 
of the field of a circularly polarized wave, the differential probability is independent 
of the azimuthal angle @ around the direction of k. This fact, together with the 
presence of the delta function, enables us to integrate over all variables except one, 
which we take to be the invariant u = (kk’)/(kp’). Then, after integration over 
d*k db d(qj+’), we find 


d°q'd’k' 2ndu 
(4) SR) SMe Pes cies Ge cainiaiee 
b“"(sk + q — q'—k’) aes" say 


For, in the centre-of-mass system (in which sk+q=q+k’'=0), this integration 
gives 27\q'|d cos 6/E,, where E, = sw + qo= w'+ qo and 6 is the angle between k 
and q’; cf. the transformation (64.12). In the same system, moreover, 


ee Py Fe pamela 
qo—|q'|cos@ ” Iq’'(i + uy” 


t It should be noted that the normalization of the functions y to unit density corresponds to 
normalization by the delta function “‘on the q/27 scale”; cf. (40.17), where the factor qo/po on the right 
will now be absent. It is for this reason that the number of final states of the electron must be measured 
by the element d’q'/(27)’. 
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The range —1 cos @ <1 corresponds to 
O<u <u, =E?/m;}-1 


= 2s(kp)/m4; 


in making the transformations it must be remembered that kp = kq. 
Thus the total probability of emission from unit volume in unit time is 


8 


uu at JEi- 2, 


(101.15) 


Tera 432) + B(2+3 


wheret 


u =(kk’)/(kp’), us = 2s(kp)/mj, 


Lam oaks VUE (8) 


When é <1 (the condition for perturbation theory to be valid), the integrand in 
(101.15) can be expanded in powers of &é For example, the first term in the 
expansion of W; is 


(101.16) 


_e’m’ ,, u’ u u 
Wi= “apy & feares: rat x) | ae 


0 


x e*m? 2 an 4 8 l 8 1 
Be UI) Oat aT ah OLIN 


with u; ~ 2(kp)/m?. This result agrees, as it should, with the Klein-Nishina formula 
for the scattering of a photon by an electron: putting in (101.17) —a’=47/o, 
&? = 47re”/m’w, and dividing by the incident flux density (64.14), we return to (86.16) 
(the integrated scattering cross-section is independent of the initial polarization of 
the photon).t 

The expression for the probability of emission of the second harmonic (the first 
term in the expansion of W, for é <1) is 


t To calculate z, we first note that 
z? = (a,\Q)’ + (a2Q)’ = a’Q’, 


where Q = q/(kq)— q'/(kq’). This is easily shown by choosing a frame of reference in which (a;)o = 
(a2)o = 0 and the vectors ai, a2, k are along the axes x', x’, x’, and noting that Qo = Q; because kQ =0. 

+ This value of a’ corresponds to normalization of the 4-potential to “one particle in unit volume”. 
_ To determine it, w must be equated to the energy of a classical field with the (real) 4-potential (101.2). 
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+ 


mae Enis! f te aie All A wae) 


eimigt it it. 4 2 
Po (2 3u, ui ui 21+2u)) 
1 3 3 1 
zZ (a5 -5-B- aa) log(1 + 2u,)]. (101.18) 


The leading term in W, for fairly small s is proportional to &**. 

Let us now consider the opposite case (€ >1). The parameter € can be made 
large, for instance, by decreasing the frequency w with a fixed field strength; 
evidently € = eF/mw, where F is the amplitude of the field strength. It is therefore 
clear that the case > 1 essentially refers to processes in a constant and uniform 
field where E and H are orthogonal and equal in magnitude; this will be called a 
crossed field. The probability of emission in this field can be found by taking the 
limit & >, but it is simpler to assume a constant field in the calculations, taking the 
4-potential in the form 


A“ =a"b, od=kx, ak=0 (101.19) 


(so that F,, = k,a, — k,a, =constant). The exact wave function of the electron in 
this field is obtained by substituting (101.19) in (40.7), (40.8): 


_ (yk)(ya) ,] _u(p) (ap) .> a’ 3. 
> = [ +e a 2Xkp) 6| Te exp — ie © kp) ob’ + ie Step) db ipx (101.20) 

The result given by using this function is exact for emission by an electron with 
any energy in a crossed field. However, in the ultra-relativistic case this result 
(when put in the appropriate form; see below) applies to emission by an electron 
not only in a crossed field but in any constant and uniform electromagnetic field, 
including a constant magnetic field as discussed in §90. 

To formulate this assertion we note that the state of a particle in any constant 
and uniform field is defined by as many quantum numbers as the state of a free 
particle, and these may always be so chosen as to become, when the field is 
removed, those of a free particle, i.e. its 4-momentum p" (p*= m7’). Thus the state 
of a particle in a constant field is described by a constant 4-vector p. 

The total intensity of emission, being an invariant, depends only on the 
invariants which can be constructed from the constant 4-tensor F,, and the 
constant 4-vector p“. Since F,,, can appear in the intensity only in combination with 
the charge e, we obtain three dimensionless invariants: 


2 e? vx? e? 2 2 
x= — 53 Fup’) = — 3 a(kpy, 
f=e(F,.)/m‘, (101.21) 


2 
€ 
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In a crossed field f = g =0, whereas in general all three invariants are non-zero. If 
the electron is ultra-relativistic (po > m), however, and the vector p makes angles 
@>mI/po with the fields E and H, then x’?>f, g (that is, for an ultra-relativistic 
particle any constant field appears to be a crossed field for almost all directions p). 
If also the fields |E|, |H|<m?/e (= m/’c’/eh), then {f|, |g|<1.t Under these con- 
ditions the intensity calculated for a crossed field and expressed in terms of the 
invariant y will apply also to the emission in any constant field. 
The invariant y is given in terms of the fields E and H by 


2 
x? =: {(p x H+ po)’ - (p+ E)'}. 


For a constant magnetic field, y is equal to the quantity (90.3), and the above 
arguments are therefore another means of deriving the results in §90.4 


t And p in y may be regarded, with the same accuracy, as being the ordinary 4-momentum of the 
particle. 

¢ A detailed account of the theory of various processes in strong fields is given in the review papers 
by A. I. Nikishov and V. I. Ritus in Proceedings (Trudy) of the P. N. Lebedev Physics Institute, Vol. 
111, pp. 5 and 152. 


CHAPTER XI 


EXACT PROPAGATORS AND VERTEX PARTS 


§102. Field operators in the Heisenberg representation 


HITHERTO, in considering various specific processes in electrodynamics, we have 
used only the first non-vanishing approximation of perturbation theory. We shall 
now go on to discuss the effects which occur in higher approximations. These are 
called radiative corrections. 

A better understanding of the structure of the higher approximations can be 
obtained by first examining some general properties of exact scattering amplitudes 
(i.e. those which have not been expanded in powers of e’). We have seen in §72 
that the successfve terms of the series in perturbation theory can be expressed 
in terms of the field operators in the interaction representation, whose time depen- 
dence is determined by the Hamiltonian Hy of a system of free particles. The exact 
scattering amplitudes, however, are more conveniently expressed in terms of the 
field operators in the Heisenberg representation, where the time dependence is 
determined by the exact Hamiltonian H=Hyo+V of a system of interacting 
particles. 

The general rule for constructing the Heisenberg operators gives 


(x) = b(t, vr) = ere, (102.1) 
and similarly for (x) and A(x), wr), etc., being time-independent (Schrodinger) 
operators.t It may be noted immediately that the Heisenberg operators for a given 


time obey the same commutation rules as the operators in the Schrodinger 
representation or the interaction representation: for example, 


(Gilt, rd Ct, rh =e hilr) ae} = yh br —1'); (102.2) 
cf. (75.6). Similarly, the operators w(t, r) and A(t, r'} commute: 
{Hi(t, r), A(t, r’)}- = 0, 
but this does not hold good for operators pertaining to different times. 


The “equation of motion” satisfied by the Heisenberg w-operator can be 
derived from the general formula QM, (13.7): 


~ 0) = Aix) - b0)H. (102.3) 


t In this chapter, operators with a time argument belong to the Heisenberg representation; those in 
the interaction representation will be given the suffix int. 
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The Schrédinger and Heisenberg representations are the same as regards the 
Hamiltonian, which is expressed in the same way in terms of the field operators. 
Here, to calculate the right-hand side of (102.3), we may omit from the Hamiltonian 
the part which depends only on the operator A(x) (the Hamiltonian of the free 
electromagnetic field), since this part commutes with w(x). According to (21.13) and 
(43.3), 


H =| dC, nla: p+ BmyiGn dx +e [ be. HOAG mbe.n a's 
= | W(t, ryfyp +m + e(yA(t, —)}b(t, r) d?x. (102.4) 


When the commutator {H, W(t, r)}_ is calculated from (102.2) and the delta func- 
tion is eliminated by integration over d°x, we get 


(yp — eyA — m) W(t, r) = 0. (102.5) 


As we should expect, the operator w(t, r) satisfies an equation which is formally the 
same as Dirac’s equation. 

The equation for the electromagnetic field operator A(t,r) is obvious from the 
correlation with the classical case. When that case applies, i.e. when the occupation 
numbers are large (cf. §5), the operator equation must become the classical 
Maxwell’s equation for the potentials, Fields (30.2), after averaging over the state 
of the field. It is therefore clear that the equation for the operator is simply the 
same aS Maxwell’s equation, so that we have (for an arbitrary gauge) 


a”a,A"(x) — “0, A(x) = —4rrej’(x), (102.6) 


where j’(x) = U(x) y’ W(x) is the current operator, satisfying identically the equa- 
tion of continuity 


a,j’(x) = 0. (102.7) 


It is important to note that the equations (102.6) are linear in A“ and j“, and the 
question of the sequence of these operators therefore does not arise. 
Like the similar equations for wave functions, the operator equations (102.6) 
and (102.7) are inva..ant under the gauge transformation 
A, (x) aie A(x) ~ duX(x), 
W(x) > b(xe™, (102.8) 
Yx)re* p(x), | 
where x(x) is any Hermitian operator which commutes (at a particular time) with 
yt 


t This refers specifically to the Heisenberg w-operators. In the interaction representation, the gauge 
transformation of the electromagnetic potentials does not affect the #-operators. 
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Let us now ascertain the relationship between the operators in the Heisenberg 
representation and those in the interaction representation. To simplify the dis- 
cussion, it is convenient to make the formal assumption (which will not affect the 
final result) that the interaction V(t) is adiabatically “‘switched on”’ from t = —@ to 
finite times. Then the Heisenberg and interaction representations are the same for 
t + —o, and the wave functions of the system, ® and ®,,,, are the same: 


PDin(t = —%) = @, (102.9) 


But the wave function in the Heisenberg representation is independent of time 
(since the whole of the time dependence is in the operators); in the interaction 
representation, the time dependence of the wave function is given by (72.7): 


Dix(t) = S(t, ~~) Pin(—©), (102.10) 


where 
t2 
S(t, t;) =T exp|—i | V(t’) ar'|, (102.11) 
fy 


and the following properties of $ are obvious: 


S(t, ty) S(t, to) = S(t, to), | (102.12) 
S-\(t, t)) = S(t, t). 


Comparison of (102.10) and (102.9) gives 
Din (t) = S(t, —e)b (102.13) 


as the relation between the wave functions in the two representations. The operator 
transformation formula is similarly 


b(t, r) = S-\(t, 0) Pint(t, r) S(t, -©) 


(102.14) 
= $(—~, t)bin(t, r)S(t, -—©), 


and likewise for w and A. 

One further general remark may be added. It has already been mentioned more 
than once that, in relativistic quantum theory, the physical significance of the field 
operators is very limited because the zero-point fluctuations are infinite. This is 
even more true of operators in the Heisenberg representation, which contain also 
divergences due to the interaction. In this chapter, §§102-109 deal with the formal 
theory, which ignores the question of eliminating these singularities and which 
treats all quantities as if they were finite. The results thus obtained have mainly 
heuristic value: they lead to a fuller understanding of the significance of the 
expansions given by perturbation theory, and they may also remain valid in some 
form in a future theory which is free from the present difficulties. 
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§ 103. The exact photon propagator 
The concepts of exact propagators play a central role in the formalism of the 


exact theory (i.e. without expansion in powers of e’).t 
The exact photon propagator (denoted. by the script letter D) is defined by 


Dux — x') = iO|TA,(x)A,(x')[0), (103.1) 
where A, (x) are Heisenberg operators, in contrast to the definition (76.1): 
D,,(x — x') = iO|TAM(x)A(x')/0), (103.2) 


in which the operators in the interaction representation were used. The function 
(103.2) may be called the free (or bare)-photon propagator to distinguish it from 
the exact propagator (103.1). 

Since the mean value in (103.1) cannot be exactly calculated, it is impossible to 
obtain an exact analytical expression for 9,,, although the definition does lead to 
some general properties of this function, as will be discussed in §111; here we shall 
consider the calculation of %,, by perturbation theory, using the diagram tech- 
nique. For this purpose, we must express Q%,, in terms of the operators in the 
interaction representation. 
in the interaction representation. 


First, let t > t’. Using the relationship between A(x) and Ain(x) (cf. 102.14)), we 
can write 


D(x — x’) = HOLA, (x)A,(x'J]0) 
= i(0|S(—~%, t)AR(x)S(t, —~)S(—~, t’) x 
x Ai™(x’)S(t’, —2)]0). 


According to (102.12) we can make the substitutions 


S(t, —~)$(—2, t’) = S(t, t’), 
S(—&, t) = S(—~, +&)S$(«, t). 


Then 
Dix —x') = iO|S“"[S(~, thAt(x)S(t, t’)A™(x')S(t’, —©)]}]}0), (103.3) 

with 
S = §(+~, —2), (103.4) 
Since, according to the definition (102.11), S(t, t;) includes only operators for times 


+t These concepts were introduced by F. J. Dyson (1949), who also developed essentially the whole 
of the treatment given in this chapter. 
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between t, and t, arranged in chronological sequence, it is evident that all the 
operator factors in the brackets in (103.3) are in order of decreasing time from left 
to right. If the time-ordering symbol T is placed before the bracket, we can 
rearrange the factors in any manner, since the operator T will automatically put 
them in the necessary order. Then we write the bracket as 


[-- -] = TTA AM x)S(&, t)S(t, tS’, —©)] 
= T[A@(x)A(x')S]. 


Thus 
D(x — x’) = i(0|S'TLA(x)A™(x')S]0). (103.5) 


It is easily shown by a similar argument that this formula is also valid if t <t’. 

We shall now prove that the factor $”' can be taken outside the averaging over 
the vacuum to form a phase factor. To do so, we recall that the Heisenberg vacuum 
wave function ® is the same as the value ®,,,(—~) of the wave function of the same 
state in the interaction representation (see (102.9)). From (72.8), 


S@in(—%) = S(+%, —%)Din(—%) = Dint( +). 


The vacuum is a strictly stationary state, in which no spontaneous processes of 
particle generation can occur. In other words, in the course of time the vacuum 
remains the vacuum; this means that ®,,(+©) can differ from ®in(—<) only by a 
phase factor e'*. Hence 


SPin(—%) = e'* Pin(—%) = (0|S|0)Pin(-%), (103.6) 
or, taking the complex conjugate and using the unitarity of the operator S, 
D*(—%)S~! = (0|S|0)"'b4(—~). 


Hence it is clear that (103.5) can be written 


on — ; OT AR) AMX’) S]0) 
Di AX —x') =i aSI0} , (103.7) 


Substituting in the numerator and the denominator the expansion (72.10) for S 
and averaging by means of Wick’s theorem (§77), we get an expansion of %,, in 
powers of e’. 

In the numerator of (103.7), the quantities to be averaged differ from the matrix 
elements of the type (77.1) only in that the ‘external’ photon creation and 
annihilation operators are replaced by A™(x) and A(x’). Since all the factors in the 
products to be averaged are preceded by the time-ordering symbol, the pairwise 
contractions of these operators with the “internal” operators A'"(x,), Ai™(x2), ... will 
give the photon propagators D,,. Thus the results of the averaging are expressed by 
sets of diagrams with two free ends, constructed in accordance with the rules in §77, 
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except that propagators D,,, not the amplitudes e of real photons, correspond to 
external (and internal) photon lines. In the zero-order approximation, with S = 1, the 
numerator of (103.7) is simply D,,(x—x’'). The next non-zero terms will be 
of the order of e”. They are represented by a set of diagrams having two free ends and 
two vertices: 


--<_>--- + (103.8) 


ri b 


The second of these diagrams consists of two disconnected parts: a broken line 
(corresponding to —iD,,) and a closed loop. The separation of the parts of the 
diagram signifies that the corresponding analytical expression separates into two 
independent factors. On adding to the diagrams (103.8) the zero-order ap- 
proximation diagram (a single broken line) and “‘taking it outside the brackets’’, we 
find that the numerator in (103.7) is, as far as second-order terms, 


---{ a =>}. eT ig 


The expression (0|S|0) in the denominator of (103.7) is the amplitude of the 
“transition” from the vacuum to the vacuum. Its expansion therefore contains only 
diagrams without free ends. In the zero-order approximation, (0|S|0) = 1, and as far 


as second-order terms we have 
[1+] 


When the numerator is divided by the denominator we get, to the same order, the 


expression 
--- + --<>-- 


Thus the diagram with the detached loop does not occur in the result. This is a 
general theorem. Having regard to the way in which the diagrams are constructed 
which correspond to the numerator and denominator in (103.7), we can easily see 
that the role of the denominator (0|S|0) is simply to ensure that in all orders of 
perturbation theory the exact propagator %,, will be represented only by diagrams 
which do not contain separated parts. 

The diagrams with no free ends, forming closed loops, have no physical 
significance and need not be taken into account, quite apart from the fact that they 
disappear when the propagator @ is formed. Such loops represent radiative 
corrections to the diagonal element of the S-matrix for a vacuum-vacuum tran- 
sition; but, according to (103.6), the sum of all these loops, together with the unity 
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given by the zero-order approximation, gives only an unimportant phase factor, 
which cannot affect any physical results. 

The change from the coordinate representation to the momentum representation 
is made in the usual way. For example, in the second-order approximation of 
perturbation theory, the propagator —i&,,(k), which will be shown by a thick 
broken line, is the sum 


ee eee egtes oe ere 103.9 
ra are k - -< > k ( ) 


in which all the diagrams are calculated by the general rules given in §77 except 
that factors —iD,,(k) are assigned to the external as well as the internal photon lines. 
In analytical form, we therefore havet 


4 
Div(k) = D,(k) + ie*D,,(k) | tr y* G(p + k)y°G(p) a, D,.(k); (103.10) 


the bispinor indices of the matrices y and G are, as usual, omitted. 

The terms in subsequent approximations are constructed in a similar manner, 
and are represented by sets of diagrams having two external photon lines and the 
appropriate number of vertices. For example, the terms in e* correspond to the 
following four-vertex diagrams: 


HD OD 


The diagram 


ses 


also has four vertices; its upper part is a loop formed by a single ‘“‘self-closed”’ 
electron line. Such a loop corresponds to the contraction (x)yib(x), i.e. to the value 
of the current averaged over the vacuum: (0|j(x)|0). But, by the definition of the 
vacuum, this quantity must be zero identically, and the identity cannot of course be 
altered by any further radiative corrections to such a loop.t Thus no diagrams 
having “‘self-closed”’ electron lines need be considered in any approximation. 


+t The factor —1 from the closed electron loop must be taken into account when deriving the signs. 
+ Although a direct calculation from the diagrams would lead to divergent integrals. 
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The part of a diagram which lies between two (external or internal) photon lines 
is called a photon self-energy part. In the general case, it can itself be divided into 
parts joined in pairs by a single photon line, i.e. it has a structure of the form 


OO. 0 
where the circles denote parts which cannot be further subdivided in the same 
manner; such parts are said to be compact or proper. For example, the first three 
of the four fourth-order self-energy parts (103.11) are compact. 

Let iF,,/4m denote the sum of the infinity of compact self-energy parts. The 
function ,,,(k) is called the polarization operator. When the diagrams are classified 


by the number of compact parts which they contain, the exact propagator 9,, can 
be put in the form of a series 


—-- =--- + --()-- + 
/--@-@-- +. 


where i?,,/47 corresponds to each shaded circle. The analytical form of this series is 


P P LP [on on 
D =D+D7-D+Dz7—D 4, Pt 
= Pp a [on oe 
= Dit a |D + D rs D+ ||. (103.12) 


where the indices are omitted, for brevity. The series in the brackets is again &. 
Hence 


Blk) = Dyo(k) + Dya(k) 7 3,,(8). (103.13) 


Multiplying this equation on the left by the inverse tensor (D~')™ and on the right 
by (27')”’, and renaming the indices, we get the equivalent form 


1 


D'yp = Dw T= Pow (103.14) 


It must be emphasized that writing 2 in the form (103.12) assumes that the 
diagrams can be broken down into simpler parts calculated by the general rules of 
the diagram technique, and that the combination of such parts gives the correct 
expressions for the entire diagrams. The admissibility of this breakdown of the 
diagrams is an important and by no means trivial feature of the diagram technique, 
which arises from the fact that the overall numerical factor in the diagram does not 
depend on the order of the diagram. 
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The same property enables us to use the function 2 (assumed known) to 
simplify the calculations of the radiative corrections to the amplitudes of various 
scattering processes: instead of treating afresh each time the diagrams with 
different corrections to the internal photon lines, we can simply make these lines 
thick, i.e. assign to them the propagators & (instead of D) in the appropriate 
approximation. 

If the photon line corresponds to a real and not a virtual photon, 1.e. if it is a free 
end of the whole diagram, the application to it of all the self-energy corrections 
gives what is called an effective external line. It corresponds to the expression 
obtained from (103.13) by replacing the factor D by the polarization amplitude of the 
real photon: 


PP*(k) 


en + Dyp(k) oe (103.15) 


For an external-field line, e, in this expression is to be replaced by A‘). 

The discussion in §76 of the tensor structure and the gauge non-uniqueness of 
the approximate propagator D,, applies to the exact function 9,, also. Considering 
only the relativistically invariant representations of this function, we can write it in 
the general form 


Byulk) = DEK) (yy — 2) + 9(K) A, (103.16) 


the first term corresponds to the Landau gauge, and in the second term 2" is a 
gauge-arbitrary function. The corresponding form of the approximate propagatorf is 


Dyo(k) = DOR) — “st + DOCK?) Aas. (103.17) 


The longitudinal part 2“ of the propagator is related to the longitudinal part of 
the potential 4-vector, whieh has no physical significance. It is therefore not con- 
cerned in the interaction and is unaffected by the latter, so that 


Qk?) = D(k?). (103.18) 
The inverse tensors must, by definition, satisfy the equations 
D" D” = S2, D™',,D*” = 83. 


When the original tensors have the form (103.16) or (103.17), the inverse tensors 
are, from (103.18), 


as -1( bake) 1_ kk, 
Pow = @ Ber 4) EDO KE? 
1 k,k 1 k,k ne 
—-1 PEE nists _ v v 
Dw = 5 (te —“g) + DOE 


t In this formula D" is not the same as in (76.3). 
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From these, it follows that the polarization operator #,, is a transverse tensor: 


Py = P(k’) (2, - 4), (103.20) 
where ? = k’?— 4n/9, or 
DiS ee (103.21) 
kL AKO K YT 


Thus the polarization operator, unlike the photon propagator itself, is a gauge- 
invariant quantity. 


§ 104. The self-energy function of the photon 


In order to examine further the analytical properties of the photon propagator, 
it is useful to define, as well as the polarization operator, another auxiliary function 
IT,..(k), called the self-energy function of the photon: ill,,/47 is defined as the sum 
of all self-energy photon parts (not only the compact ones). If this sum is — 
represented in the diagram by a square, we can write the exact propagator as the > 


sum 
er 
1.e. 
Il” 
D5) Dist Dia a D,p. (104.1) 


Hence, expressing II,, as 


~ I,, = D",,9"D""',, — D“!,, 


and substituting (103.16) and (103.19) followed by (103.21), we get 
_ A _k ") eye 
Ty» = 110k) (gu “H*), =. (104.2) 


Thus II,,, like #,,, is a gauge-invariant tensor. 
The usefulness of II,, arises from the expression for it in the coordinate 
representation. This is easily found by noting that the equation 


Zo Task) = D,,Dy{D"*(k) — D¥(K)}, 
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in which the tensor 2° — D” is transverse by (103.18), can be written in the 
coordinate representation 


l } t / ies , Ud 
TH yv(x — X') = F= (Bu 9x ~ Bu0909 WI1Gp — BrpG.09 MD" eH x)= D"(e= x}: 
In order to carry out the differentiation, we must substitute 
D(x — x')— D’?(x — x’) = (OT A*(x)A?(x') — TAin(x) Afa(x’)/0). (104.3) 


In §75 we have seen that the differentiation of a T product generally demands 
caution, because the product has discontinuities. But the difference that is to be 
averaged in (104.3) is continuous, and so are its first derivatives, since the com- 
mutation rules are the same for the components of the operators A*(x) and Ad, (x) 
for a given time, and the corresponding discontinuities cancel out (cf. §75). The 
difference in (104.3) may therefore be differentiated under the symbol T. According 
to (102.6) and the corresponding equation with zero on the right for the free 
electromagnetic field operators At,(x), the result is 


I1,..(x — x’) = 4arie*(0|Tj,, (x)j,(x’)0). (104.4) 


This shows explicitly the gauge-invariance of II,,, since the current operators are 
gauge-invariant. 

From (104.4) we can derive an important integral form of this function. 
According to (104.2), it is sufficient to consider the scalar function [ = S14. In the 
coordinate representation, 


T(x — x") = SE ieXO|T I (xi*(x")/0) 


> Olj.(x)|nnij“(x’)0) for t>t', 
=F ie? 2 (104.5) 
: » (Oli.(x’)|n)(n{j*(x)[0) for t<t’, 


where n labels the states of the system electromagnetic field + electron—positron 
field.t Since the current operator j(x) depends on x“ =(t,r), its matrix elements 
also depend on x. The relationship can be found explicitly by taking as the states 
|n) states which have definite values of the total 4-momentum. 

The time dependence of the current matrix elements, like that of any Heisen- 
berg operator, is given by 


(n|j*(t, r)|m) = (nfj*(r)|m)en En F 


where E, and E,, are the energies of the states |n) and |m), and j(r) is the 
Schrédinger operator. 


+ The current operator conserves charge; hence the states |n) in (104.5) can contain only the same 
numbers of electrons and positrons. 
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To determine the coordinate dependence of the matrix elements, we consider 
the operator j(r) as being the result of transforming the operator j(0) by a parallel 
translation over the distance r. The operator of this translation is exp(ir - P), where 
P is the total momentum operator of the system (see QM, (15.15)). Using the 
general rule for the transformation of the matrix elements (see QM, (12.7)), we 
therefore have 


(n|j*(r)|m) = (nie "Pj (Oe P|m) 


= (n|j*(O)|m)e"Pn "Pos, 
Together with the previous formula, this gives finally 
(n|j*(t, r)|m) = (n|j“(O)|m)e mF (104.6) 


The matrix (n|j"(0)|m) is Hermitian, like the matrix (104.6) of the entire operator 
j"(t,r), and according to the equation of continuity (102.7) it satisfies the trans- 
versality condition 


(Pi, a P,,)”(n|j,,(0)|m) = 0. (104.7) 
Let us now calculate the function II(x — x’). Substitution of (104.6) in (104.5) 
gives 


_ 4nie’ . ou +iP,€ > 
M(€) = — & lj. OlaXn|j* Cope“ for 7 ZO, (104.8) 


where x — x’ = € = (1, €). We use the notation 
a» _ 4tre? 3 . an 9 (4) 
p(k*) = ar a (27) p> (O|j,,(0)|n (Olj* (O)|n)*¥5° (Kk — P,). (104.9) 


The sum is taken over all systems of real electron—positron pairs and photons that 
can be generated by a virtual photon having 4-momentum k = (w, k) (w > 0), and for 
- each such system there is summation over the internal variables (the polarizations 
and momenta of the particles in the centre-of-mass system).{ After this summation, 
the function p can depend only on k, and since it is a scalar it can depend only on 
k*. In particular, it does not depend on the direction of k. Using these properties of 
p, we can rewrite (104.8) as 


r 3 
I(é) = -i | dw | Gap ore ee 
0 


--if d?k 
~ ! S Qay 


O Sm, g 


dev d(u2)8(.? — k2)p(p2)eit He 
0 


t This definition of the states |n) is evidently identical with their definition as states for which the 
matrix elements (O|j|n) of a charge-odd operator are non-zero. 
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The momentum representation is obtained by substituting 


oo 


am ae 1 dk 
iw|z| ikgt > me 4 


(see §76); the result is 


—— 2 | 
mk?) = {du [ d(o8(u? +k? - 0) pr, 
0 0 


or, finally,t 


1I(k?) = fi Pu) du (104.11) 


po +id 


The coefficient p in this integral form is called the spectral density of the 
function II(k?), and has the properties 


o(k’?)=0 for k’?<0, 
(104.12) 


p(k?)>0 for k’*>0, 
since the 4-momentum k of a virtual photon which can generate a system of real 
particles must necessarily be time-like; k” is equal to the square of the total energy 


of the particles in their centre-of-mass system. The transversality condition (104.7) 
gives 


P*(Olj,, (0)|n) = 0 


The 4-vector (O|j|n) is orthogonal to the time-like 4-vector P, and must be 
space-like: 


(Olj,, (0)|n )<0|j* (0)[n)* <0; 


thus, from the definition (104.9), p >0. 


§ 105. The exact electron propagator 
The exact electron propagator, similarly to that of the photon, is defined by 


Gi (x — x’) = —i(0|T h(x) yx (x')|0) (105.1) 


+ The formal calculations analogous to those given above require caution, on account of the 
presence of the divergences previously mentioned. These give rise, in particular, to thé occurrence on the 
right of (104.11) of further divergent terms which do not have an explicitly relativistically invariant form, 
called Schwinger terms. They will not be written out here, since they in any case disappear on 
renormalization ($110) and do not affect the subsequent results. 
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where i and k are bispinor indices, which differs from the definition (75.1) of the 
free-particle propagator 


Ga (x — x') = iT yi"(x)We'(x')/0) (105.2) 


in that the w-operators in the interaction representation are replaced by Heisenberg 
operators. ; 
The same arguments as were used to derive (103.7) lead to 


— py =; OTH) Hex’) S]0) 
G(x — x!) = -i S10) (105.3) 


The expansion of this expression in powers of e? puts the § function in the form of 
a set of diagrams with two external electron lines and various numbers of 
vertices. The denominator in (105.3) again has the function of retaining only the 
diagrams which do not have detached “‘vacuum loops’’. For example, as far as the 
terms in e*, the graphical representation of the propagator G (denoted by a thick 
continuous line) ist 


+ —>- + 105.4 
i i. ae 
SL U7 ~ % 


ew oe 


The thick continuous line corresponds to the function i$(p) in the momentum 
representation, and the sets of continuous and broken lines in the diagrams on the 
right of the equation correspond to the free-particle propagators iG and —iD 
respectively. 

The section between two electron lines is called an electron self-energy part. As 
with the photon, it is said to be compact if it cannot be further subdivided into two 
self-energy parts by cutting a single electron line. The sum of all possible compact 
parts will be denoted by —iM;,; the function M(p) is called the mass operator. For 
example, as far as the terms in e“, 


~ i ef 
oy WS pons Amr, (105.5) 


t It has already been shown in §103 that there is also no need to take account of diagrams which 
contain ‘‘self-closed” lines; these would here appear in the second order: 


V 


1 
‘ceasing memes 
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By a summation exactly similar to the derivation of (103.13), we find 


G(p) = G(p) + G(p)M(p)G(p) (105.6) 


(omitting the bispinor indices) or, for the inverse matrices, 


S'(p)= G"\(p)- M(p) 
= yp —-m—M(p). (105.7) 


It has already been noted in §102 that the Heisenberg w-operators (unlike those 
in the interaction representation) are altered by a gauge transformation of the 
electromagnetic potentials. The exact electron propagator 9 is therefore also not 
gauge-invariant. Its gauge transformation behaviour may be derived as follows (L. 
D. Landau and I. M. Khalatnikov, 1952). 

The change in G under the gauge transformation must evidently be expressed in 
terms of the same quantity D as is added to the photon propagator by this 
transformation. This is clear, since in the calculation of 4 by the perturbation- 
theory diagrams each term of the series is expressed in terms of the functions.D, 
and no other electromagnetic quantities are involved. The analysis can therefore be 
simplified: any special assumptions can be made regarding the properties of the 
arbitrary operator y in the transfromation (102.8), provided that the result is 
expressed in terms of D". 

The transformation (102.8) brings the propagators @ (103.1) and @ (105.1) into 
the following forms: 


Dis —> i(O|T[A, (x) ~~ duxX(x)][AL(x’) —o ux (x')]|0), | 


7 (105.8) 
Gy > — O/T i(x ee OW, (x')0). 

We shall now suppose that the operators xy are averaged independently of all 
the remaining operators in the T product. This is a reasonable assumption, since 
the “‘field’’ ¥ takes no part in the interaction, because of the gauge invariance. We 
also assume that the mean value, over the vacuum, of the operator y is zero: 
(0|y|0) = 0. Then the terms in x in (105.8) can be separated, and the result is 


Duy > Duy + i(O[TA,x(x) - dix(x')[0), (105.9) 
Gi > Gy AO\T ee -€x(}Q), (105.10) 


The rest of the derivation will be given for the case of an infinitesimal 
transformation, and we shall emphasize this by writing 5y in place of x. 
The transformation (105.9) may be writtent (independently of the smallness of 


+ Formula (105.11) can be derived from (105.9) if the function d“ and its derivative with respect to t 
are continuous at t = t'; if they are discontinuous, the right-hand sides of these expressions differ by 
delta-function terms (cf. the derivation of (75.2)). In the momentum representation, this condition is 
equivalent to assuming that d‘(q) decreases more rapidly than 1/q’ as |q’|> =. 
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5x) as 
Div >Buy t+ 6Dyun 5D, = 8,d/d (x — x’, (105.11) 
where 
d(x — x') = i(O|TSy(x)8x(x’)|0). (105.12) 


Hence it is clear that d” determines the change caused by the gauge transformation 
in the longitudinal part 2” of the photon propagator. The assumption that d“ 
depends only on x — x’ implies, of course, a certain limitation on the properties of 
the operator 5y; in the general case of a completely arbitrary gauge transformation, 
the propagator may cease to be homogeneous in space and time. 

In the transformation (105.10), we expand the exponential factors in powers of 
5y as far as the quadratic terms: 


(OIT e ie5y(x) e “HBX Q) 
= —4e7(0|5x(x) + 8x7(x') — 2TSx(x)8x(x')]0). 


Using the definition (105.12), we thus find the following transformation rule for the 
electron propagator: 


G> G+ 8G, 5G = ie’ G(x — x')[d 0) — dx - x’). (105.13) 


In the momentum representation,f we have 


4 
59(p) = ie” dg Gp) - Gp - 4)} ore (105.14) 


d‘(q) is related to the change in the function 2” by 


§D(q) = q?d(q). (105.15) 


Tt If the function f(x) = f:(x)f2(x), its Fourier components are 
f(p)= | flare a's 


- {ff d*x — > f ae _ BP gixto- 1-4, q,)f2(q2) 


~ J ee a — qi~ Q2)fi(qu)f2(q2) 


-| £4 Qn) f1(q)f2(p — q). 


In deriving (105.14) from (105.13), we also use the result 


f(x =0) = | fede 
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An integral expression analogous to (104.11) could be derived for the electron 
propagator, using the expressions 


Wam(X) = Vam (Oe Pm Pads (105.16) 


for the matrix elements of the W-operator, similarly to the expressions (104.6) for 
the current matrix elements. Unlike the current, however, the W-operators are not 
gauge-invariant. The coordinate dependence (105.16) is therefore not general, but 
applies only to some particular gauge. The same is true as regards the integral 
representation based on (105.16). The deeper physical reason for this situation is 
that the zero photon mass leads to the infra-red catastrophe (§98). In consequence, 
the electron emits an infinite number of soft quanta during the interaction, and this 
means that the “single-particle” propagator (105.1) loses much of. its direct 
significance. 


§ 106. Vertex parts 


In complicated diagrams it is possible to distinguish both self-energy parts and 
sections of another type which are not equivalent to them. An important class of 
such sections is found by considering the function 


K &(X1, X2, X3) = (O[TA“ (x1) hi (x2) hx (x3)|0) (106.1) 
which has one 4-vector index and two bispinor indices; since space-time is 
homogeneous, this function depends only on the differences of the arguments x,, 


X2, X3. When expressed in terms of the operators in the interaction representation, 
the function K has the form 


rac te mee (OTA foe x1) bio) e'(X3)S 0) (106.2) 


(0|S|0) 
The momentum representation is obtained by using the formula 
2m)'8 (p+ k— pK &p2, pisk)= [ff KG x2, xsye rrr dx; dx, dx, 
(106.3) 


In the diagram technique, the functions Ki correspond to three-ended (one 
photon and two electron) sections of the form 


| 
k 


(106.4) 


Py P, 
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where the momenta are related by the conservation law 
Pitk =p. (106.5) 
The zero-order term in the expansion of this function is zero; the first-order 
term 1s 


K" (x), X2, X3) =e | G(x, — x)y,G(x — x3): D(x; — x) d*x 


in the coordinate representation, and 


K*(p2, pi; k) = eG(p2)y,G(p,) - D™(k) (106.6) 


in the momentum representation (omitting the bispinor indices); the corresponding 
diagram is 


ON (106.7) 


In the subsequent approximations, the diagrams are complicated by the addition 
of new vertices, but not all such diagrams provide essentially new information. For 
instance, in the third order we have the diagrams 


tA AA 


The first three of these can be cut (across one photon or electron line) into a simple 
vertex (106.7) and a second-order self-energy part; the fourth diagram cannot be 
thus treated. This is a general situation. The corrections of the first kind simply 
replace the factors G and D in (106.6) by the exact propagators @ and @. The 
remaining terms in the expansion give a new quantity to replace the factor y” in 
(106.6). Denoting this quantity by I“, we thus have by definition 


K* (D2, pi; k) = {iG(p2)[—iel (po, pi; k)iG(p)H-iD™ (k)]. (106.9) 


A section joined to other parts of the diagram by one photon line and two 
electron lines is called a vertex part if it cannot be divided into parts joined by only 
one (electron or photon) line. The quantity I" is the sum of an infinity of vertex 
parts, including the simple vertex y“, and is called a vertex operator or vertex 
function. 
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The following are all the vertex-operator diagrams as far as the fifth-order 


quantities: 
| | 
| | | | 
—iel wy + + + + 
- oa ~ 
@ b c d 
| | i { | 
| | { | 
+ a a . + 
ig Me Sy ; _ = lon 
e f g h i 


the black dot denoting the exact vertex operator —iel. 

The operator [ (like the operator y of the simple vertex) has two matrix 
(bispinor) indices and one 4-vector index; it is a function of two electron momenta 
(pi, P2) and one photon momentum (k). The three momenta cannot all relate to real 
particles simultaneously: the diagram (106.4) in itself (not as part of a larger 
diagram) would correspond to the absorption of a photon by a free electron, but 
this process is incompatible with the conservation of the 4-momentum of real 
particles. Hence at least one of the three free ends of the diagram must pertain to a 
virtual particle (or to an external field). 

The vertex parts may also be classified as reducible and irreducible. The 
irreducible ones are those which do not contain self-energy corrections to internal 
lines and in which it 1s not possible to separate parts which constitute (lower-order) 
corrections to internal vertices. For example, of the diagrams in (106.10), the only 
irreducible ones are (b) and (d) (apart from the simple vertex (a)). Diagrams (g), (h) 
and (i) contain self-energy parts; in diagram (ct) the upper broken horizontal line 
may be regarded as a correction to the upper vertex, and in diagrams (e) and (f) the 
lateral broken lines may be regarded as corrections to the lateral vertices. 

When the internal lines in irreducible diagrams are replaced by corresponding 
thick lines, and the vertices by black dots, i.e. when the approximate propagators D 
and G are replaced by the exact propagators 2 and G, and the approximate vertex 
operators y by the exact ones I’,f we evidently obtain the set of all vertex parts. 
Thus the expansion of the vertex operator may be written 


t i 
Att ATA? eee 


This equation is an integral equation for I’, with an infinity of terms on the right. 
From the above discussion we can easily derive the general principle of 
construction of the exact expressions for sections having any number of ends. 


(106.10) 


t The resulting diagrams are called skeleton diagrams. 
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They are obtained as vacuum mean values of T products of Heisenberg operators, 
with one operator w(x) for each initial electron, one (x) for each final electron, 
and one A(x) for each photon. 

A further example is given by diagrams of the form 


P3 \ Pi 


(106.12) 
Pa 
with four external electron lines. These are obtained from the function 
K ix, m(X1, X25 X35 Xa) = COLT i (x1) du (x2) (X3) Un (X4)|0), (106.13) 


which, of course, depends only on the differences of the four arguments. Its 
Fourier components may be written 


Kit, im(%1, X25 Xa, xa)e OMI PAT PS PHY A*x, d*x, d*x3 d*x4 


= (27r)*6 (pi + po — ps — Pa) Kix, m(P3, Pas Pi, P2); (106.14) 
with 


Kix, im(P3, Pa; Pi, P2) 
= (277)48(p; — 3) Gi (D1) Gm (P2) — (277)45 (po — p3)Gim (P1) Gu (P2) + 
+ Gin (D3) Ger(Dal— iP nr, (D3, P43 Ps P2)}Gsi (D1) Gm (D2). (106.15) 


In the latter expression, the first two terms exclude from the definition of the 
function I(p3, p4; pi, p2) diagrams which fall into two disconnected parts, each 


having two free ends: 
Ps —( )}—», »—( 


or 


In the third term the @ factors exclude from the definition of I those parts of 
diagrams which are corrections to external electron lines. 

From the properties of the T product of the Fermi w-operators, it follows that 
the functions I(ps, p4; pi, p2) are antisymmetric: 


Tix, tm(P3, Das Pt» P2) = —V ki, m(D4, P33 Pi» P2) 
= —-Tx mi(P3, P43 P2, P1)- (106. 16) 


If the momenta pj, p2, p3, ps correspond to real particles, the non-separating (i.e. 
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connected) diagrams (106.12) represent the scattering of two electrons. The scat- 
tering amplitude is found by assigning the wave amplitudes of the particles (instead 
of the propagators G) to the free ends of the diagram:t 


iM;; = u;(p3) id (pa)[— eT ik, m(P3, Das Pty P2) Ui (Pp 1)Um(P2). (106.17) 


According to (106.16) this amplitude must have the appropriate antisymmetry with 
respect to interchanges of electrons. 


§ 107. Dyson’s equations 


The exact propagators and the vertex part satisfy certain integral relations, the 
origin of which is particularly clear if the diagram technique is used. 

The concepts of reducibility and irreducibility defined in §106 can be applied not 
only to vertex parts but also to any other diagrams or parts thereof. Let us consider 
from this aspect the compact self-energy electron diagrams. 

‘It is easily seen that only one diagram out of this infinity is irreducible, namely 
the second-order diagram | 


Any complication of this diagram can be regarded as the application of further 
corrections to its internal (electron or photon) lines or to one of its vertices. Here it 
is important to note that, owing to the obvious symmetry of the diagram, any 
vertex correction need by assigned only to either one or the other vertex.f 

Since, therefore, only one of the compact self-energy electron parts is irreduci- 
ble, the ensemble of all such parts (i.e. the mass operator M) is represented by only 
one skeleton diagram: 


ptk 
k 


+ It will be seen later ($110) that the self-energy parts in the free ends can be ignored in deriving the 
amplitudes of real processes. 

+ For clarity, it should be emphasized that, although all the required diagrams are found by applying 
corrections to only one vertex, for any particular diagram the structure of the correction section in 
general depends on the vertex to which it is assigned, for example 


where, in identical diagrams, the squares enclose sections which form the vertex part when it is assigned 
to the right-hand and left-hand vertices respectively. 
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In analytical form, this graphical equation becomest 
M(p) = G"'(p)- G'(p) 


= —ie? Jy "G(p +k)P*(p +k, pk): Dulk) 54 (107.2) 


oa = 


A similar expression can be derived for the polarization operator ¥. Again only 
one of the compact self-energy photon parts is irreducible, and 9 is therefore 
represented by a single skeleton diagram: 


---(2)—- = = C >>; (107.3) 


The corresponding analytical equation ts 


Fw) = D1, (k)— Dk) 


= ie’ tr | y.G(p + k)P.(p + k, p; k)G(p) iF (107.4) 


Ia)” 


the bispinor indices are omitted from (107.2) and (107.4). 

The relations (107.2) and (107.4) are called Dyson’s equations; they can also be 
obtained by direct calculation. For example, to derive (107.2) we consider the 
quantity 


(yp — m)Gy(x — x') = —i(yp ae m )in(O|T yy (x)di(x')/0), 


where p = id is the operator of differentiation with respect to x, which is found 
from (102.5) in exactly the same way as was done when deriving (75.7) for the 
free-particle propagator. The result is 


(yp — m)iGu(x — x’) 
= ~ieyi(O[TA,(x)Yi(x) be (x'}0) + 5x5 — x’); 


the delta-function term on the right is the same as in (75.7), since the commutation 
properties at t = t’ are the same for wW-operators in the Heisenberg and interaction 
representations. The first term is —iey,Ki,(x, x, x'), and we can thus write (again 
omitting the bispinor indices) 


(yp — m)G(x — x') = —iey"K,,(x, x, x’) + 5 (x — x’). (107.5) 


To obtain the Fourier components we note that, if the definition (106.3) is 


_t If the exact vertex part is assigned to the left-hand vertex in (107.1), the factors y and Ff are 
interchanged in (107.2). The two forms of the equation are, of course, essentially equivalent. 
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integrated over d*kd‘p,/(27r)’, the result is 
[ Kw +k, p; ky ok, =| K*@ 0, x3)e ?* d*x 
’ ’ (277) M9 Uy AQ 3 
= | K*(x, x, xe?" d(x — x’), (107.6) 


from which it is seen that the integral on the left is the Fourier component of 
K*(x, x, x’). Thus, by taking the Fourier components of both sides of (107.5), and 
using the definition (106.9) and the formula yp — m = G_'‘(p), we find 


G"'(pyS(p) = 1 ie? | y"G(p + TMD + k, ps KIGD)D,u(k) aa 


Finally, multiplying this on the right by $'(p), we obtain (107.2). 


§ 108. Ward’s identity 


Another relationship between the photon propagator and the vertex part, 
simpler than Dyson’s equation, follows from gauge invariance. To derive, it, we 
apply the gauge transformation (102.8), assuming that y(x) = 5y(x) is an infinitesi- 
mal non-operator function of the 4-coordinates x. Then the change in the electron 
propagator is 


5G(x, x’) = teG(x — x’) [by (x) — x(x’). (108.1) © 
Note that this gauge transformation violates the homogeneity of space-time, and 
the function 59 depends on the arguments x and x’ separately, not only on the 
difference x — x’. Its Fourier expansion must therefore be made in the variables x 


and x’ separately. Thus, in the momentum representation 6% is a function of two 
4-momenta: 


§G(p2, pi) = | 5G(x, x'ei?2*-* d*y d‘x! 


Substituting (108:1) and integrating over d‘x d‘é or d‘*Ed‘x' (=x-—x’'), we get 
5G(p + q, p) = tedx(q)[G(p) — G(p + q)). (168.2) 


With the same gauge transformation, the operator A, (x) is augmented by the 
function 


; a 
BAI'(x) = — soy by, (108.3) 


which may be regarded as an infinitesimal external field. In the momentum 
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representation, 

5A‘(q) = iqudx(q). (108.4) 
The quantity 64 can also be calculated as the change in the propagator under the 
action of this field. As far as quantities of the first order in dy, this change can 


evidently be represented by a single skeleton diagram: 


}4 


idG(p+q.p) = ee 


P+q P 


The thick broken line is the effective external-field line, corresponding to the factor 
(see (103.15)) 


BAv%g) + 8AN%q) 27 g,,,(4). 


The 4-vector 5A(q) is longitudinal (with respect to q) and the tensor #’” is 
transverse. The second term is therefore zero, leaving 


{9 
(108.5) 
15G(p+q.p)= pares (em 


P+q P 


where the thin broken line corresponds, in the usual manner, to the field 6A“ 
simply. In the analytical form, 


5G = eG(p + q)T*(p + 4, p; q)G(p): SAY’. (108.6) 
Substituting (108.4) and comparing with (108.2), we get 
S(p + q)~ S(p) = —G(p + qv" (p + g, ps Q)G(P) - ay 
or, in terms of the inverse matrices, 
Gp +q)-G (p)=4,0"(p + gp; @) (108.7) 
(H. S. Green, 1953). 


Taking the limit of this equation as q—0 and equating coefficients when q, is 
infinitesimal, we get 


0 2 
an: G'(p) =T*(p, p; 0). (108.8) 


This is Ward’s identity (J. C. Ward, 1950). We see that the momentum derivative of 
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G-'(p) is equal to the vertex operator with zero momentum transfer.t The derivative 
of the function 4(p) itself is 


a iG(p) = iG(p)[-iT*(p, p; 0)1iG(p). (108.9) 


The higher derivatives could be found similarly by continuing the calculations 
to higher orders in 5y, but we shall not need these expressions. 

Let us now consider the derivative dPA(k)/ak, of the polarization operator. 
Unlike §(p), A(k) is gauge-invariant and is unchanged by the application of the 
fictitious external field (108.4). Its derivative therefore cannot be calculated in the 
same way, but a diagram expression can be obtained for this derivative too. To do 
so, we consider the first diagram in the definition of #: the second-order diagram 


p+k 
---| tees ---+<>--- (108.10) 


The continuous lines correspond to the factors iG(p) and iG(p + k). Differentiation 
with respect to k replaces the second factor by idG(p + k)/ak, and according to the 
identity (108.9) this change is equivalent to adding a further vertex on the electron 
line: 

ine 


ie a a doe 108.11 


We see that, in the first non-vanishing order, the required derivative has been 
expressed in terms of a diagram having three photon ends. It must be stressed 
immediately that this diagram does not itself give the amplitude for the trans- 
formation of one photon into two. The amplitude of this process is the sum of 
(108.11) and a similar diagram in which the loop is traversed in the other direction, 
and the sum is zero by Furry’s theorem. The diagram (108.11) is not itself zero. 

In a similar manner, we can differentiate more complicated diagrams by 
successively adding vertices with k’ = 0 on all the electron lines which depend on k. 
There are, however, diagrams in which the dependence on k occurs in the internal 
photon lines also, for instance the diagram on the left in the next equation: 


kr g92 
— [2 - 
Oke = 
a 
I=o 
UA. 


t In the zero-order approximation, i.e. for the free-particle propagator, this identity is obvious: 
G‘(p) = yp — m, and therefore 8G"'/ap, = y". 
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The derivative of the diagram in the braces is shown here in diagram form by 
means of a new graphical symbolism, a fictitious three-particle photon vertex, i.e. a 
point where three broken lines meet, corresponding to the quantity 


| 
4ni O = 2ik, = (108.12) 


We can now differentiate any diagram by adding, to the lines depending on k, 
vertices v, or y, and continuing in accordance with the general rules. Summation of 
these higher-order corrections gives 


1 OP yy _ 
~ Ad Ok ra Vinds (108.13) 
where ieY,,, is the sum of the internal parts of all the diagrams with three photon 
ends thus obtained. 

We shall also need the second derivative of the polarization operator. Differen- 
tiating the equation (108.13) once more in a similar manner, we have 


1 a, 


Fe apeage = ew ia (108.14) 


where ie’ is the sum of the internal parts of all the diagrams with four photon 


ends such as 
2) CG 
(108.15) 


including, of course, those containing the fictitious three-particle vertices (108.12). 


§ 109. Electron propagators in an external field 


If a system is in a given external field A(x), the exact electron propagator is 
expressed by the same formula (105.1), but in the Hamiltonian H = H)+ V which 
converts to the Heisenberg representation of operators we have also the interaction 
between the electrons and the external field: 


V= e | Avi dxte { Agi d>x. (109.1) 


Since the external field makes space and time no longer homogeneous, the 
propagator G(x, x’) will now depend on the two arguments x and x’ separately and 
not only on the difference x — x 
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If we proceed in the usual manner to the interaction representation, the 
ordinary diagram technique is obtained, with external-field lines as well as virtual 
photon lines. This technique is, however, unsuitable when the external field cannot 
be regarded as a small perturbation, in particular when the particles may be in 
bound states in the field. Now the electron propagator in an external field is in fact 
required principally for the analysis of the properties of bound states, and in 
particular for determining the energy levels with allowance for radiative cor- 
rections. In order to derive such a propagator, we have to start from a represen- 
tation of operators where the external field is exactly taken into account even in the 
‘zero-order’ approximation with respect to the electron—photon interaction (W. H. 
Furry, 1951). 

We shall henceforward assume the external field to be independent of time. The 
desired representation of the w-operators is given by the formulae (32.9) for second 
quantization in an external field: 


Wt, r) = > (aw rye "P+ baw) eh}, 
(109.2) 
W(t) = > {anw neh" + bab je "5, 


where Ww, (r) and e¢!,’ are the wave functions and energy levels of the electron and 
the positron respectively, which are solutions of the “single-particle” problem, i.e. 
of Dirac’s equation for a particle in a field. It 1s easily seen that the operators 
(109.2) are w-operators in a certain representation (the Furry representation) which 
is, aS it were, intermediate between the Heisenberg and interaction representations. 
They may be written 

b(t, r) = eH ire iA, | 

a io. te e (109.3) 

YOU(t rn) = eh b(rye 


where 
H, = Hote | A''(x)j# (x) d2x. 


The electromagnetic-field operator A, of course commutes with the second term in 
H,, and so the Furry representation is the same as the interaction representation 
for this operator. 

The electron propagator in the zero-order approximation, in the new represen- 
tation, is defined as 


G(x, x’) = —O[TH'C)Y(x')0). (109.4) 
The operator w(t, r) satisfies Dirac’s equation in the external field: 


[yp — eyA@(x) — mw'(t, r) = 0, (109.5) 
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and the function G correspondingly satisfies the equation 
[yp — eyA(x) — mJG(x, x') = 6 (x — x’); (109.6) 


cf. the derivation of (107.5). 

The diagram technique, which expresses ‘the exact propagator @ as a series in 
powers of e’, is obtained by changing from the Heisenberg to the Furry represen- 
tation, in exactly the same way as the earlier change to the interaction represen- 
tation. The resulting diagrams are of the same form, with the continuous lines now 
corresponding to factors iG instead of iG. 

One slight difference in the rules for writing the analytical expressions for the 
diagrams arises because in the coordinate representation G‘° is not a function of 
the difference x — x’ only. In a constant external field, however, the homogeneity of 
time is preserved, and so the times t and t’ will again appear only as the difference 
{=f =7: 


G® = G7, r,r’). 


The momentum representation is obtained by a Fourier expansion with respect to 
each of the arguments of the function: 


eee = de d’p, d’p 
(e) \ = i(pp -r—p, ‘r'—er) I 2 
G (7, r,r’) {f] é€ G(e, P2, pi) In Qtr) (QQ) (109.7) 


Each line corresponding to the factor iG“(e, po, p:) must now be assigned one value 
of the virtual energy e and two values of the momentum, the initial value p, and the 
final value p»: 


iG(e, P2, Pi) = p2 € pi. (109.8) 


This leads to the rule for writing the analytical expressions, in which the integration 
over de/27 is normal, but those over d’p,/(27)’ and d°p2/(27)° are independent, the 
conservation of momentum at each vertex being taken into account. For example, 


re e? {[] G(e, P2; p)y’*G(e —~ W, p’ _ k, p 7 k) x 


' ; ; d‘k d3 ' d ” 
x y'G(e, p’, pi)D,,(w, k) (Qn) aay oo (109.9) 


It is important to note that in this technique one must also take account of 
diagrams with “‘self-closed” electron lines, which in the ordinary technique are 
rejected as being associated with a ‘“‘vacuum current”. When an external field is 
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present, this current need not be zero, because of the “vacuum polarization” 
caused by the field. For instance, in the diagram 


PY p+k (109.10) 


the loop at the top corresponds to the factor 


3 
j | | G(w, p +k, p) 5255. (109.11) 


Here, however, we must still specify the meaning of the integral over dw. This is 
because the integration of the Fourier component of the function G@(r) with 
respect to w amounts to taking the value of that function at r =0, and G(r) is 
discontinuous at r = 0; we must therefore indicate which of its two limiting values 
is to be taken. To resolve this question, we need only note that the integral (109.11) 
arises from the contraction of w-operators in the same current operator: 


j* = p(t, ry*h(t, v), 


where w) is to the left of #. According to the definition of the propagator (109.4), 
this order of factors for t = t’' is obtained if t’ is taken as t +0, i.e. if the limiting 
value of the function G(t — t’) as t — t’ > —0 is taken. In other words, the integral 
over dw/27 in (109.11) is to be taken as 


[ewe for 73-0. (109. 12) 
T 


The mass operator in the external field is defined as in §105: —iM is the sum of 
all the compact self-energy parts. It is now a function of the energy e and the 
momenta p; and p, at the ends of the external lines where they respectively enter 
and leave the part in question: 


(109.13) 


Proceeding exactly as in the derivation of (105.6), we get the equation 


Ge, pr, pi) — GCE, po, pi) 
3,.¢ 


d°p’ d p 
_ (e) fh Wn wt ’ 
{J G"(e, p2, p )M(e, p’, p’) Ge, p’, pi) (ay (Qm)* (109.14) 
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This can be put in a more natural form by returning to the coordinate 


representation in terms of the spatial variables, using the function 


3 3 
G(e,r,r’) = | | G(e, po, pre iP2 FP eee Pe (109.15) 


and similarly for the other quantities. Taking the inverse Fourier transform of 
(109.14), we obtain 


G(e,r,r’)— Ge, r, r’) 
= | | G(e, r, r2)M(E, ro, 11) G(e, Wr, r’) d°x; d°x2. 


Next we apply to both sides the operator 
ye yp ey"AV(x), 
where e is a number, and p = —iV is the operator of differentiation with respect to 
the coordinates r. Here it must be noted that, by (109.6), 
[ys —y - p— eyA(x)]G@(e, r, r') = 5(r—-r’). (109.16) 


The resulting equation is 


[y°e —y + p— eyA(x)] Ge, r, r') — | M(e,r, 11) G(e, m1, r’) d°x, = 5(r—r’). 
(109.17) 


The function G(e,r,r’) has the especially valuable property that its poles 
determine the energy levels of the electron in the external field. We shall prove this 
first for the approximate function G®(e,r, r’). Substituting the operators (109.2) in 
the definition of the propagator (109.4), we obtain, in exact analogy to formulae 
(75.12) for the free-particle propagator, 


—i > PPMP Vwr) exp{-ieM(t -— et}, >t’, 
Gi(t -t',r,r') = 7 (109.18) 
| iD bP DeV(r'’) exp{ie (te -—t)}, ot <t’, 


and the Fourier time component is 


Ge, r, r’) — > { ni (ry er) ro Or) niet (109.19) 


n E— En Eten 


We see that G(e,r,r’), as an analytic function of e, has poles on the positive real 
axis which coincide with the electron energy levels, and poles on the negative real 
axis which coincide with the positron energy levels. The values ce’ >m form a 
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continuous spectrum,f and the corresponding poles form two cuts in the e-plane, 
from —& to —m and from m to ~. The segment |e|<m contains poles which give 
the discrete energy levels. 

For the exact propagator G(e,r,r’) we can obtain a similar expansion by 
expressing it in terms of the matrix elements of Schrodinger operators; the matrix 
elements of Heisenberg w-operators are related to these by 


(m| W(t, )|n) = (m|p(r)|nye "En Em, (109.20) 


Here the E, are the exact energy levels (i.e. with all radiative corrections) of the 
system in the external field. The operator w increases the charge of the system by | 
(i.e. by +lel), and w decreases it by one. This means that in the matrix elements 
(n|p|0) and (O|w|n) the states |n) must correspond to a charge of the system of +1, 
1.e. they can contain, besides a single positron, only a certain number of electron— 
positron pairs and a certain number of photons; the energies of these states will be 
denoted by E‘”. Similarly, in the matrix elements (O|W|n) and (n|p|0) the states |n) 
contain one electron and some pairs and photons (energy E‘*). Instead of (109.18) 
we now have 


—i > Olui(r)|[n)(n|i (0) exp{-iEG(t -—t)}, t >t’, 
Gi (t —t',r,r’) = " 
i » (Olde (r')|nXn|Wi(r)|0) exp{iES (t — t}, t<t', 
(109.21) 


and hence 


rH [Olin (in| (e’)]0) | Oldx(r’)[n)(n]yi(r) 0) | 
(err) =>} anise a Se } (109.22) 


Let « be close to one of the discrete energy levels ES” (or — E{). Then only the 
corresponding pole term need be retained in the sum (109.22). Substitution in 
(109.17) shows that the factors which depend on the second argument r’ (when 
r#r’) do not appear in the equation. The result is a homogeneous integro- 
differential equation for the function (O|w(r)|n) (or (n|y(r)|0)), which we denote for 
brevity by V,(r).+ Omitting the subscript n, we have 


[y’e + iy -V— eyA(r)la Vi (r) — | Mi(e,r, rari) d°x1=0 (109.23) 


(J. Schwinger, 1951). The discrete energy levels E, now appear as the eigenvalues 
of this equation. Thus (109.23) becomes the regular basis for determining these 
levels. 


t We assume that the external field is zero at infinity. 
¢ When radiative corrections are neglected, the Y,(r) are the same (for states with one electron or 
positron) as the wave functions #” or w{) which are solutions of Dirac’s equation. 
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For example, it can be used to determine the correction, in the first order with 
respect to M, to the discrete electron energy level e, given by solving Dirac’s 
equation: 


[y°e, tiy -V— eyA(r) un, (r) = 0; (109.24) 


let the wave function w,(r) be normalized by the condition 
/ Wan dx = 1. (109.25) 
The eigenfunction of equation (109.23) may be written 
Vn(r) = bar) + Yn'(r), (109.26) 


where wy, is the correction to y,(r). Substituting (109.26) in (109.23), multiplying on 
the left by w,(r) and integratingt over d°x, we get the required expression 


Bene | | Tri(t) Miu (En, 5 ¥1)Wae(ts) d2x dx. (109.27) 


§110. Physical conditions for renormalization 


The theory discussed so far in this chapter has been largely formal. We have 
treated all quantities as if they were finite, and have deliberately passed over any 
infinities which occur in the theory. In the practical calculation of the functions 2, 
@ and [ by perturbation theory, however, divergent integrals arise, which cannot 
be assigned any definite values without further consideration. These divergences 
are a manifestation of the logical incompleteness of the existing quantum elec- 
trodynamics. It will be seen below, nevertheless, that in this theory it is possible to 
establish certain rules which allow an unambiguous “subtraction of infinities’’, 
and thus to obtain finite values for all quantities which have a direct physical 
meaning. These rules are based on obvious physical requirements that the 
photon mass is zero and the electron charge and mass are equal to their observed 
values. 

Let us first ascertain the conditions to be imposed on the photon propagator, 
and consider a scattering process which can occur through one-particle inter- 
mediate states having one virtual photon. The amplitude of such a process must 
have a pole when the square of the total 4-momentum P of the initial particles is 
equal to the squared mass of the real photon, i.e. when P? = 0; we have seen in §79 
that this requirement follows from the general condition of unitarity. The pole term 


t In the integration we use the fact that the differential operator in (109.24) is self-conjugate, and 
thus transfer its action from w‘ to da. 
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in the amplitude arises from a diagram of the form (79.1): 


0-3 Ce}: (110.1) 
k=p 


and when radiative corrections are taken into account the two parts of the diagram 
must be joined by a thick broken line (the exact photon propagator). This means 
that the function Z(k”) must have a pole at k? = 0, i.e. must be such that 


B>4nZ/k*? when k’->0, (110.2) 
Z being a constant. Hence, for the polarization operator P(k’), (103.21) gives 
P(0) = 0. (110.3) 


The coefficient in (110.2) is given by 
ie ee) ae 
Z k k740 


Further restrictions on the function P(k*) can be derived from an analysis of 
the physical definition of the particle’s electric charge: two classical (i.e. infinitely 
heavy) particles at rest at a large distance apart must interact in accordance with 
Coulomb’s law, U = e?/r. (These are distances much greater than 1/m, where m is 
the electron mass.) This interaction can also be represented by the diagram 


, (110.4) 


in which the upper and lower lines correspond to classical particles. The photon 
self-energy corrections are taken into account in the virtual photon line. All other 
corrections, affecting the heavy-particle lines, would make the diagram equal to 
zero: the addition of any further internal lines in the diagram (110.4), for example a 
photon line joining the lines a and c or a and b, would produce lines of virtual 
heavy particles, with corresponding propagators. But the propagator of a particle 
has its mass M in the denominator, and tends to zero as M > ©. 

The form of the diagram (110.4) makes it clear (cf. §83) that the factor e?D(k?) 
in it must be (apart from the sign) the Fourier transform of the particle interaction 
potential. Since the interaction is steady, the virtual-photon frequency w = 0, and 
large distances correspond to small wave vectors k. The Fourier transform of the 
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Coulomb potential is 47e7/k?. Since @ depends only on k’?= w’—k’, we finally 
arrive at the condition 


B—>4Anlk? when k’?>0, (110.5) 


i.e. the coefficient in (110.2) must be Z = 1; the sign is obvious, since B(k’) tends to 
the free-photon propagator D(k?). The polarization operator ?(k’) must therefore 
satisfy 


P(k*)/k? +0 when k’?>0. (110.6) 
This leads not only to the condition (110.3) given previously but also to the result 
P'(0) = 0. (110.7) 


It has been noted in §103 that an effective external real-photon line corresponds 
to the factor (103.15) or, using (103.16) and (103.20), 


[ +i P(0)B(0) ley. 


We now see from (110.5) and (110.6) that the correction term is zero. Thus we have 
the important result that radiative corrections need not be considered in external 
photon lines. 

The natural physical requirements therefore lead to the establishment of 
definite values (namely zero) for the quantities A(O) and #'(0). The calculation of 
these quantities from the perturbation-theory diagrams would lead to divergent 
integrals, and we see that the way to eliminate such infinities is to assign fixed 
values a priori to the divergent expressions, these values being determined by 
physical requirements. This procedure is called renormalization of the quantities 
concerned.t 

The procedure can also be formulated in a somewhat different manner. For 
instance, in renormalizing the particle charge one can define a non-physical 
intrinsic (bare or unrenormalized) charge e, as a parameter which appears in the 
expression for the original electromagnetic interaction operator in formal pertur- 
bation theory. The renormalization condition then becomes e2D(k*) > 47e7/k’ 
(when k*->0), e being the actual physical charge. Hence we have the relation 
e?Z =e’, which is used to eliminate the non-physical quantity e. from formulae 
which concern observable effects. By putting immediately Z=1, the renor- 
malization is effected ‘“‘en route’’, and there is no need to use fictitious quant'ties 
even in the intermediate steps. 

Let us now investigate the conditions for renormalization of the electron pro- 
pagator. To do so, we now consider a scattering process which can take place 


+ The idea of this approach was first put forward by H. A. Kramers (1947); the systematic 
application of the renormalization method in quantum electrodynamics is due to Dyson, Tomonaga, 
Feynman, and Schwinger. 
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through a one-particle intermediate state with one virtual electron. The amplitude 
of such a process must have a pole when the square of the total 4-momentum P,; of 
the initial particles is equal to the squared mass of the real electron, i.e. when 
P? =m’. The pole term in the amplitude arises from a diagram of the form 


p pact P, (110.8) 
p=R=P, 


and when radiative corrections are taken into account the thick line is the exact 
electron propagator. This means that the function 4(p) must have a pole at 
p’=m_’, i.e. its limiting form there must be 


Gp) ~ Zor et 8) when p?—>m?, (110.9) 


Z, being a scalar constant and g(p) remaining finite as p’—m?*. The matrix 
structure of the pole term in (110.9) (proportional to yp + m) is a consequence of 
the same unitarity condition that causes the existence of the pole. We shall prove 
this statement and at the same time elucidate the important question of the 
renormalization conditions for the external electron lines. 

If G(p) has the limiting form (110.9), the inverse matrix is 


(p)~ 7 (yp — m)- (yp — mg(yp—_m) when p?->m?. (110.10) 
The mass operator is 
M=G'-G'= (1 - Joe —m)+(yp—m)g(yp—m) when p’>m’. 
1 
(110.11) 


The effective external (say incoming) electron line corresponds (cf. (103.15)) to a 
factor 


U(p) = u(p)+ G(p)M(p)u(p), (110.12) 


where u(p) is the ordinary amplitude of the electron wave function, which satisfies 
Dirac’s equation (yp ~ m)u =0. Because of the requirements of relativistic in- 
variance (%, like u, is a bispinor), the limiting value of %(p) for p’> m? can differ 
from that of u(p) only by a constant scalar factor: 


U(p)= Z'u(p). (110.13) 


This factor Z' is related in a definite manner to the factor Z,, but the relation 
cannot be determined simply by substituting (110.10) and (110.11) in (110.12), 
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because there is an indeterminacy; the result depends on the order in which the 
limits of the various factors in (110.12) are taken. 

It is, however, possible to avoid the problem of the correct method of taking the 
limit, by using instead the unitarity condition for the reaction shown by the diagram 
(110.8). The unitarity relation generally applies to amplitudes of processes as a 
whole, not to individual diagrams. But when p’—>m’ the pole diagram (110.8) gives 
the main contribution to the corresponding amplitude M;;, so that the other 
diagrams which pertain to the same reaction can be ignored. 

As has been shown in §79, the unitary conditions require that a one-particle 
intermediate state should produce in the reaction amplitude an imaginary part with 
a delta function: 


im5(p? — m’) > M,.M *, (110.14) 
polar. 


where the subscript n refers to a state having one real electron, and the summation 
is over the latter’s polarizations; to avoid additional complications we assume, as in 
§79, that both sides of the unitarity relation are symmetrized with respect to the 
helicities of the initial and final particles, so that M,; = My. The amplitude My, 
corresponds to a process represented by the diagram 


» > One 


Min = (M jn VX) a Z'(M jn), 


and is 


whereM,, is a factor with one free bispinor index.t Similarly, the structure of the 
amplitude M;, is 


Mi, = (UM in) = Z'(iM in). 


Summation over the polarizations of the electron replaces the product (Mj,u) x 
(GM in) by M in(yp +m)Min, and so the term (110.14) in the amplitude M;; becomes 


Z"itr5(p? — m?){M jn(yp + m)M in}. 


Using this term in the imaginary part, we can reconstruct the entire pole term in the 
scattering amplitude; from (79.5), 


_ _Z°{M jn(yp + m)M in} 


My p’—m’+i0 


, pom’. 


t One point should be clarified here. The electron, a stable particle, cannot really be transformed 
into an assembly of real particles, but we may formally take as the latter certain fictitious particles 
whose masses are such as to allow this transformation. The resulting relationship is then to be taken as 
an analytical continuation to real masses. 
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Calculation of the same amplitude directly from the diagram (110.8) gives 
iMji = iM mn iG(p) iMin- 


A comparison of the two formulae confirms the limiting expression written above 
for 4(p) (the first term in (110.9)), and shows that 


Z'=VZ,. (110.15) 


We shall now show that, when the limiting form of the electron propagator is 
known, there is no need to establish any further conditions for the vertex operator. 


Let us consider the diagram 
I~ (110.16) 
P, Pi 


which represents the scattering of an electron in an external field A‘(k), in the first 
order with respect to the field, and taking account of all radiative corrections. In 
the limit k > 0, p»— p; = p, the self-energy corrections to the external-field line are 
zero (since they vanish for any k?=0). Then the diagram corresponds to the 
amplitude 


My = —eU(p)T(p, p; 0)U(p)- A (k 0), (110.17) 


i.e. the product of the potential A“ and the electron transition current UU. But 
when k >0 the potential A(x) reduces to a constant independent of coordinates 
and time. No physical field corresponds to this potential (a particular case of gauge 
invariance), which therefore can cause no change in the electron current. Thus, in 
the limit considered, the transition current &#©% must be simply the free current 
yu: 


U(p)l"(p, p; 0)U(p) = Z,a(p)T*u(p) 
= i(p)y"u(p). (110.18) 


This is essentially also a definition of the physical charge on the electron. It is 
easily seen to be necessarily satisfied, whatever the value of Z,: substituting 4~'(p) 
from (110.10) in Ward’s identity (108.8), we find 


r(p, p30) = z y" — y"g(p)(yp — m)— (yp — m)g(p) 7", 


and (110.18) is satisfied, since (yp — m)u =0, u(yp — m) = 0. 
We see that, when the amplitude of the physical process is calculated, the 
‘renormalization constant” Z, disappears. Moreover, by using the indeterminacy 
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that arises from divergences in the calculation of I, we can simply require that 


u(p)T"(p, p; 0)u(p) = a(p)y"u(p) when p’?=m’, (110.19) 


i.e. put Zi =], 
The convenience of this definition lies in the fact that there is no need to apply 
corrections to the external electron lines: we have simply 


U(p) = u(p). 


This can also be deduced directly by noticing that for Z,; = 1 the mass operator (110.11) 
iS 


M = (yp — m)g(yp — m) (110.20) 


and the second term in (110.12) obviously vanishes. Thus there is no need to 
‘“‘renormalize”’ the external lines of any real particles, either photons or electrons.t 


§111. Analytical properties of photon propagators 


It is convenient to begin the study of the analytical properties of the photon 
propagator with the function II(k’). The reason is that the direct use of the 
definition (103.1) for this purpose is difficult because the operators A”(x) are 
gauge-ambiguous and their properties are therefore indeterminate. 

The integral representation of the function II(k’) (104.11) was derived from the 
expression for the photon self-energy function in terms of the matrix elements of 
the gauge-invariant current operator. Denoting the variable k? byt t, let us consider 
the properties of the function II(t) in the complex t-plane. 

From the integral representation 


_f_plt’dt 
Og Peers (111.1) 


we see that II(t) is real on the negative real axis, and elsewhere in the plane 
satisfies the symmetry relation 


Ti(t*) = I1*(t). (111.2) 


The function I[I(t) can have singularities only at singular points of p(t). These 
are at values of t = k? which are threshold values for the creation of various groups 


+ In renormalizing the photon propagator, the condition Z=1 arose as a necessary physical 
condition, after which the corrections to the external photon lines disappear automatically. Formally, 
however, the situation is similar for both photon and electron external lines: when Z# 1, the wave 
amplitude e, of a real photon, with corrections, would be multiplied by VZ. 

¢ Not to be confused with the symbol for the time. 
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of real particles by a virtual photon. At these values, new types of intermediate 
states “‘come into play” in the sum (104.9). Their contribution is zero below the 
threshold, but not zero above the threshold, and this causes the singularity at the 
threshold itself. These threshold values are, of course, real and non-negative.t The 
singularities of II(t) therefore also lie on the positive real t-axis. If a cut is made 
along this axis, the function II(t) is analytic throughout the cut plane. 

The term +i0 in the denominator of the integrand in (111.1) shows that we must 
pass below the pole t'’=t. This means that the value of II(t) for real t must be 
taken as its value on the upper edge of the cut. Using the rule (75.18): 


_=p i? imr8(x), (111.3) 


we find that for real t 
im I(t) =im II(t + i0) = — p(t). (111.4) 


On the lower edge of the cut, im II has the opposite sign; re II is the same on both 
edges. Thus the discontinuity of II(t) at the cut is 


Ii(t + i0) — T(t — i0) = —27ip(t). (111.5) 


The integral representation (111.1) itself can in this way be regarded simply as 
Cauchy’s formula for the analytic function II(t): applying this formula 


1 fae ade’ 
Mt) = sai ee 
C 


(111.6) 


to the contour 


© 


(111.7) 


which passes around the cut, and assuming that I(t) decreases sufficiently rapidly 
at infinity, we find that the integral along the large circle is zero, and those along the 
edges of the cut give the following dispersion relation between II(t) and its 


+ For example, the point k? = 0is a threshold for the production of three (or a higher odd number of) real 
photons; k? = 4m’ is a threshold for electron—positron pair production, and so on. 
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imaginary part: 


I(t) = ba +i0) ay! 


_1f¢ imM(t) 
3 [BS (111.8) 


Substitution of (111.4) then gives (111.1).t 

The analytical properties of the functions A(t) and D(t) are the same as those 
of II(t), in terms of which they are expressed by the simple formulae (104.2) and 
(103.21). For D(t) we have 


a(t) ="2 (1 +) (111.9) 


On the positive real t-axis, we must take t as t + i0, as shown above. The imaginary 
part of Z(t) can then be calculated from (111.3) and (111.4), bearing in mind that 
II(t)/t >0 when t 0, by (110.6). We thus find 


im D(t) = —42778(t) + (427/t”) im M(t) 
= —4n78(t) — (427/t)p(t). (111.10) 


Now, applying to @(t) a dispersion relation of the form (111.8), we obtain the 
integral representation 


(t 
B(t) = Ao + 4m 0 [Pt 0 (111.11) 


called the Kallén—Lehmann expansion (G. Kallén, 1952; H. Lehmann, 1954). 

There is a close relationship between the position of the cut for the function 
B(t) (and therefore its imaginary part on the cut) and the unitarity condition for the 
amplitude of the process a+b—c+d represented by the diagram (110.4); this 
reaction is, of course, a purely imagined one, but it does not violate the con- 
servation laws, and the unitarity condition is formally valid for it. 

In the initial state i of this process there are two “classical” particles a and b, 
and in the final state there are two other such particles c and d. The unitary 
condition is (71.2) 


Thi - Ty = i(27)‘ p> Tn T ind (P; — P; i); (111.12) 


+ Dispersion relations were first used in quantum field theory by M. Gell-Mann, M. L. Goldberger 
and W. E. Thirring (1954). 
t The amplitudes T), differ from the My only by the factors shown in (64.10). 
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the summation on the right is taken over all the physical “‘intermediate”’ states n. In 
the present case these states are evidently those of the systems of real pairs and 
photons which can be created by the virtual photon k, 1.e. the states which occur in 
the matrix elements in the definition (104.9) of the function p(k’). The amplitudes 
M, and Mj; include the factors 2(k”) and @*(k’) respectively, and their difference 
contains im @(k’). We see, therefore, that the relation given by (111.4) between an 
imaginary part of 2 and the existence of these intermediate states is a consequence 
of the necessary requirements of unitarity. 

We shall see later that it is convenient, in practical calculations of 2(t) (or, 
equivalently, ?(t)) by perturbation theory, to begin by finding the imaginary part of 
P, which does not involve divergent expressions. But if A(t) is then calculated 
from a dispersion relation of the type (111.8), the integral diverges and further 
subtraction operations are necessary in order to satisfy the conditions A(0) = 0 and 
$'(0)=0. This subtraction can, however, be effected without the explicit use of 
divergent integrals. To do so, we need only apply the dispersion relation (111.8) not 
to P(t) itself but to P(t)/t?. Then we have 


P(t)=— © [a (111.13) 


This integral is convergent, and the function #(t) thus obtained must necessarily 
satisfy the required conditions. A relationship such as (111.13) is called a ‘“‘double- 
subtraction” dispersion relation. The significance of the change to A(t)/t? becomes 
especially clear if (111.13) is written in the form 


P(t) = 3 [age Ait Af me a2 [BM at 
0 0 


If the first (“‘non-regularized”’) integral is denoted by P(t), the right-hand side is 
P(t) — P(O) — tF'(0). 


§112. Regularization of Feynman integrals 


The physical conditions of renormalization discussed in §110 enable us, in 
principle, to derive a unique finite value for the amplitude of any electrodynamic 
process in any approximation of perturbation theory. 

Let us first of all ascertain the nature of the divergences that occur in the 
integrals derived directly from Feynman diagrams. This is considerably facilitated 
by counting the powers of the virtual 4-momenta which appear in the integrands. 

Let us consider a diagram of order n (i.e. one containing n vertices), with N, 
external electron lines and N, external photon lines; N, is even, and the electron 
lines form 4N, continuous sequences, each beginning and ending at a free end. The 
number of internal electron lines in each such sequence is one less than the number_ 
of vertices in it; the total number of internal electron lines in the diagram is 
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therefore n —4N,. One photon line comes to each vertex: at N, vertices the photon 
line is external, and at the other n — N, it is internal. Since each internal photon line 
joins two vertices, the total number of such lines is 4(n — N,). 

Each internal photon line is associated with a factor D(k), which contains k to 
the power —2. Each internal electron line is associated with a factor G(p), which 
contains p to the power —1 (when p’>m?’). Thus the total power of the 4-momenta 
in the denominator of the diagram is 2n —3N, — Ny. 

The number of integrations (over d‘p or d‘k) in the diagram is equal to the 
number of internal lines minus the number (n — 1) of additional conditions imposed 
on the virtual momenta (of the n conservation laws at the vertices, one relates the 
momenta at the free ends of the diagram). Multiplying by 4, we obtain the number 
of integrations over all the 4-momentum components, 2(n — N, — N, + 2). 

Lastly, the difference r between the number of integrations and the power of 
the momenta in the denominator of the integrand is 


r=4-3N.-N,, (112.1) 


and is independent of the order n of the diagram. 

The condition r<0O for the diagram as a whole is not in general sufficient for 
convergence of the integral: the corresponding numbers r’ for the internal sections 
which can be taken from the diagram must also be negative. The existence of 
sections having r’>0 would make them divergent although the other integrals in 
the diagram would converge “‘with something to spare”. The condition r <0 is, 
however, sufficient for the convergence of the simplest diagrams, in which n = 
N. +N, and there is only one integration over d‘p. 

If r=0, the integral always diverges. The order of divergence is at least r if r is 
even, and at least r—1 if r is odd; the decrease by one in the latter case is due to 
the vanishing of the integrals over all 4-space of products of an odd number of | 
4-vectors. The order of divergence may be higher if there are internal sections with 
r'>0. 

Since N, and N, are positive integers, we see from (112.1) that there exist only 
a few pairs of values of N, and N, for which r =0. The simplest diagrams of each 
such type may be enumerated, omitting the cases N, = N, = 0 (vacuum loops) and 
N,. = 0, N, = 1 (mean value of the vacuum current), since they have no physical 
meaning and the corresponding diagrams must be rejected, as already shown in 
§103. The remaining cases are: 


‘\ Be (112.2) 
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In (a) the divergence is quadratic; in all the others (r = 0 and r = 1) it is logarithmic. 
The diagram (112.2d) is the first correction to the vertex operator. It must 
satisfy the condition (110.19), which we shall here write as 


u(p)A"(p, p;0)u(p)=0 when p’?=m’, (112.3) 
with 
At =f — y?, (112.4) 


Let A“(p2, pi; k) be the Feynman integral as derived directly from the diagram. 
This integral is logarithmically divergent, and does not itself satisfy the condition 
(112.3), but we can obtain a quantity which does satisfy this condition by taking the 
difference 


A* (Pa, pis kK) = A*(p2, Pi; k)— [A*(pi, P1; 0))p2=m2. (112.5) 


The leading divergent term in A“(p2, pi; k) is obtained by taking the virtual photon 
4-momentum f in the integrand to be arbitrarily large. It isf 


nie? ( VOPYODn af 
4nie? | 7-9 ff Qn 


and is independent of the 4-momenta of the external lines. In the difference (112.5) 
the divergence therefore cancels, leaving a finite quantity. This operation of 
removing the divergence by subtraction is called regularization of the integral. 

It must be emphasized that the integral A“(p2, pi; k) can be regularized by one 
subtraction because here the divergence is only logarithmic, i.e. as weak as it can 
be. If the integral involved divergences of various orders, a single subtraction with 
k = 0 might be insufficient to eliminate all the divergent terms. 

When the first correction in I (i.e. the first term in the expansion of A“) has 
been determined, the first correction in the electron propagator (the diagram 
(112.2a)) can be calculated from Ward’s identity (108.8), which may also be written . 
in the form 


dM(p)/dp, = A*(p, p; 9), (112.6) 


with the mass operator M in place of G, and A’ in place of I’. This equation is to 
be integrated with the boundary condition 


i(p)M(p)u(p)=0 for p*=m’, (112.7) 
which follows from (110.20). 
Finally, to calculate the first term in the expansion of the polarization operator, 


we use the identity (108.14), which after contraction with respect to two pairs of 


t The complete expression for the integral is given in (117.2). 
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indices gives 


3 aP | 
4m Okak? °* 
a relation between the scalar functions ? =}P% and F = ¥%. Both these functions 
depend only on the scalar variable k’, and so we have 


2k? P"(k?) + Pk) = an #(k?), (112.8) 


the primes denoting differentiation with respect to k’. With the condition #’(0) = 0, 
this equation shows that 


S(O) = 0. (112.9) 


In the first approximation of perturbation theory, (k’) is given by the diagram 
(112.2e), with the free ends having 4-momenta k, k, 0, 0. The corresponding Feyn- 
man integral ¥(k*) diverges logarithmically, and can be regularized by a single 
subtraction, using the condition (112.9): 


S(k?) = f(k’) — F(0). 


Then P(k’) is found by solving equation (112.8) with the boundary conditions 
P(0) = 0, P'(0) = 0. 

In the next approximation of perturbation theory, the correction to the vertex 
operator A® is determined by the diagrams (106.10, (c)-(i)). The irreducible 
diagrams (d)-(f) are calculated by a similar regularization of the integrals, using a 
single subtraction as in (112.5), in the same way as in calculating the first- 
approximation correction A. In the reducible diagrams, the internal self-energy 
and vertex parts of lower order are immediately replaced by the already known 
(regularized) first-approximation quantities (AP, HM, A‘), after which the integrals 
obtained are again regularized in accordance with (112.5).t The corrections ?™ and 
M” can then be calculated from (112.6) and (112.8). 

This systematic procedure will in principle enable us to derive finite values for 
YP, M and A, in any approximation of perturbation theory. It thus becomes possible 
to calculate the amplitudes of physical scattering processes that are described by 
diagrams containing , “ and A, as constituent sections. 

The physical conditions derived in §111 are therefore sufficient for an unam- 
biguous regularization of all the Feynman diagrams occurring in the theory. This 
renormalizability is a far from trivial property of quantum electrodynamics.¢ 

In a practical calculation of radiative corrections, the above procedure may, 
however, not be the simplest and most rational. In Chapter XII we shall see, in 


+ In diagrams for still higher approximations, it may be necessary to replace the four-ended sections 
Ff also by already regularized values. 

+ A different approach to renormalization theory in quantum electrodynamics is given by N. N. 
Bogoliubov and D. V. Shirkov, Introduction to the Theory of Quantized Fields, Wiley, New York, 1980. 
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particular, that a convenient treatment may start by calculating the imaginary parts 
of the corresponding quantities; these are given by integrals which do not involve 
divergences. The quantity itself is then found by analytical continuation, using the 
dispersion relations. It thus becomes possible to avoid the lengthy calculations 
which are needed in a direct regularization by subtractions. 


CHAPTER XII 


RADIATIVE CORRECTIONS 


§ 113. Calculation of the polarization operator 


LET us now go on to the actual calculation of the radiative corrections, and begin 
with that of the polarization operator (J. Schwinger, 1949; R. P. Feynman, 1949). In 
the first approximation of perturbation theory, this is given by the loop in the 


= SE —_> 1] e 


As already mentioned, the problem becomes easier if we first calculate the 
imaginary part of the required function. This in turn is most conveniently done by 
using the unitarity relation. The virtual-photon lines are regarded as corresponding 
to a fictitious “real’’ particle, a vector boson with mass M?=k? which interacts 
with an electron in the same way as a photon does. Then (113.1) becomes the 
diagram of a ‘real’ process, and the unitarity condition can be justifiably applied to 
it. 

Thus we regard (113.1) as a diagram giving the amplitude of the transition of the 
boson into itself (a diagonal element of the S-matrix) via a decay into an electron- 
positron pair. The crosses in the diagram show where it is to be cut into two parts 
so as to show the intermediate state that figures in the application of the unitarity 
relation. This state contains an electron with 4-momentum p-_ =p and a positron 
with p, = —(p —k). 

The unitarity relation with a two-particle intermediate state (71.4), for coin- 
cident initial and final states, gives 


’ te ane | ‘ 2 
2im M; ae S | [M,j{2do. (113.2) 
Here the amplitude Mj, from (113.1), is 
iM, = V(4n)et- V(4me, a, (113.3) 


where e, is the boson polarization 4-vector, which according to (14.13) satisfies the 
equation 


e,k* =0. 
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The amplitude M,; corresponds to the diagram for the decay of the boson into 
an electron—positron pair: 


A 
P= ~ P+ 
The corresponding expression is 
Mii = — eV(4r)e, i", ]* = u(p_-)y*u(— ps). (113.4) 


Substitution of (113.3) and (113.4) in (113.2) gives 


e” |p| er 
2e*e, im Pry =— 1K Y' | j**j’e*e, do. (113.5) 
4 E polar 
Here p= p- = — ps and e = €, + €_ = 2, are the momenta and total energy of the pair 


in its centre-of-mass system; the integration 1s over the directions of p, and the 
summation is over the polarizations of the two particles. 

Let us now average both sides of (113.5) over the polarizations of the boson. 
This is done by means of the formula (14.15): 


Since the tensor #”” and the vector j” are transverse (P"’k, = 0, j*k, =0), we have 
as the result 


_ 1 Ipl sy 
2im P = a Pak ) do, (113.6) 
where P = 32h 4. 


The summation over the polarizations is effected in the usual manner, the 
integration over do reduces to a multiplication by 47, and so 


2im P =e’ HY tr y,(yp- + m)y*(yp+—m) 
= ~ e? SPL (p.p_+2m?), 


In terms of the variable 


= *=(p.tp-y 
= 2(m’+ p.p-), (113.7) 
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we have 


and hence finally 


t—4m? 


; (t+2m’), t 24m’. (113.8) 


o 9()=-tay 


The value t = 4m’ is the threshold value for the production of one electron- 
positron pair by a virtual photon (cf. the second footnote to §111); in the 
approximation considered (~e’), the state with a single pair is the only one that 
can appear as an intermediate state in the unitarity condition (113.2). In this 
approximation, therefore, the right-hand side of (113.2) is zero for t<4m/’, and 
hence ? 


im P(t) =0, t<4m’. (113.9) 
For the same reason, in this approximation the cut in the complex t-plane for 


the function A(t) extends only from t = 4m’ on the real axis, and this point must be 
the lower limit in the dispersion integral (111.13). Thus 


x 


__ a» dt' VE) t'+ 2m? 
P(t) 3, ! J rf —t-10 ry eae a (113.10) 


4m 


It is convenient for the expression of the result to replace t by a variable €, defined 
as follows: 


tim? = — (1 — €)°/€. (113.11) 


This transformation maps the upper half-plane of t on a semicircle of unit radius in 
the upper half-plane of &, as shown in Fig. 19, where corresponding line segments 
in the two planes are indicated by similar markings. The semicircle é = e*,0< @ < 7, 


Fic. 19. 


corresponds to the non-physical region 0 <t/m’ <4. The right-hand and left-hand 
radii on the real axis correspond to the physical regions t <0 and t/m’ > 4. 
The integral in (113.10) is most simply calculated by means of the substitution 


t' 1 
dm? T= x" 
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and we first take the case t <0 (so that the denominator does not vanish in the 
range of integration and the imaginary term i0 may be omitted). The result of the 
integration, in terms of the variable €, is 


p(y = SE {243 (ert) + (ert—4) tS og e} (113.12) 


The analytical continuation of this formula gives the function A(t) in the range 
t>4m? also; this is done by putting é=|é|e'” (and the logarithm gives a con- 
tribution to the imaginary part: log é = log |é|+ im).t For the non-physical region, 
we must put € = e’®, and then 


2 
P(t) = age {—?sin?5¢ —24+(1 +2 sin?3¢)¢ cot 39}, (113.13) 


tl4m? = sin? 39. 


In the limit of small |t| (1.e. > 1), these formulae become 
P(t) =-—— i \t}<4m? (113.14) 
1S m” 
In the opposite case of large |t| (i.e. €>0), we have 


__ a t a 2 
P(t) =- 2 |thlog lh, —1> 4m? 
. t (113.15) 
P(t) =< t(log 55 - in), t>4m’. 


In accordance with the significance of perturbation theory, these formulae are 
valid if P/4a-< D™' = t/4m. The condition for (113.15) to be applicable is thus 


a t 
* tog Het. (113.16) 


The radiative corrections which involve a log (|t|/m) are called logarithmic cor- 
rections. 


§114. Radiative corrections to Coulomb’s law 


Let us apply the formulae derived above to the problem of the radiative 
corrections to Coulomb’s law. These corrections may be intuitively described as 
resulting from the polarization of the vacuum around a point charge. 


+ The analytical continuation thus obtained is, as it should be, a continuation on the upper edge of 
the cut, since the semicircle in the -plane corresponds to the upper half-plane of t. 
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If corrections are neglected, the field of a fixed centre (with charge e,) is given 
by the Coulomb scalar potential @ = A\’=e,/r. The components of its three- 
dimensional Fourier expansion are 


O(k) = A(k) = 477e,/k’. 


When the radiative corrections are included, this field is replaced by the ‘“‘effective 
field” 


pa 
AY = AY’ + Do, am AX’ = Af + 7 PDAS: (114.1) 


cf. (103.15). The second term gives the required change in the scalar potential. In 
the first approximation of perturbation theory for A(k”), we must take the expres- 
sion derived in §113 and replace B(k’) by the zero-order approximation: 


D(k*) = D(k’) = — 4a/k’. 
Thus the radiative correction to the field potential 1s 


§@(k) = — as P(—k’). (114.2) 


To determine the form of this correction in the coordinate representation, we 
must take the inverse Fourier transform: 


dP(r) = | eS D(k) d’k/(27)’. (114.3). 
Since 5®@(k) is a function of t = —k’ only, integration over angles gives 


sin (rV — 
r 


50(r) “ae 50(t) D a(-t) 


=r im | 5O(- y*) e'”y dy; 


TT 


in the last transformation, we use the fact that the integrand is an even function of 
y = V -t. The contour of integration can now be moved into the upper half-plane 
of y, and made to coincide with the cut of the function A(—y’) (Fig. 20). This cut 


Fic. 20. 
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extends upwards along the imaginary axis from the point 2im, the physical sheet 
corresponding to the left side of the cut. Replacing y by a new variable, y = ix, we 
get 


fo] 


§P(r) = = | im 6®(x’) e~x dx. 


2m 


Finally, on returning to the integration over t = x’, we have 


ao 


SP(r) = os | im 5@(t) e~™! dt. (114.4) 


4m2 


The imaginary part 
im 6M(t) = ~ “78 im P(t) 


is taken from (113.8), and after an obvious change of variable we have 


O(n) = 24 5o(r) = {14 +28 tm 2) ac} (114.5) 
I 


(E. A. Uehling and R. Serber, 1935). 

The integral can be evaluated in two limiting cases. Let us first take that of 
small r (mr <1), and divide the integral of the first term in the parenthesis into two 
parts: 


Fone Vi2=1) 
I= |e 


gas 


o es 


=[,+], 


with ¢, chosen so that 1/mr > ¢,> 1. Consequently, we can take r = 0 in the first 
integral, so that 


1 
ne 


= log 2¢, — 1. 
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In I,, on the other hand, unity may be omitted from ¢’— 1: 


x 


[,= | eo zmr a 


~o1 


20 


=—log¢é,-e 7°" +2mr { e™' log £ dé. 
gy 


In the exponential and the lower limit, it is permissible to put ¢; = 0. Then, with the 
change of variable 2mr¢ = x, we have 


x 


= a log x dx 


0 


— log 2¢, + log =C: 


where C = 0.577... is Euler’s constant. 
In the integral of the second term in (114.5) we can immediately put r = 0: 


ial rV(22—1) 1 
b~5 [SP ac =3, 
1 


When the three integrals are added, ¢, disappears, leaving 


P(r) = — 1/1 +22 (log—--c-2)|, r<1i/m. (114.6) 


When mr > 1, the range ¢ — 1 ~ 1/mr <1 is important in the integral. The change 
of variable £ = 1+ € and appropriate transformations reduce it to 


erm |e —2mré ~ 3 5 V (26) dé = an” V e ~2mr 
0 


In this case, therefore,t 


—2mr 


O(n) =! (14 5 Son), Am. (114.7) 


We see that the polarization of the vacuum alters the Coulomb field of a point 


t The origi . of the factor e~”"" in 5®(r) is evident from the form of the initial integral (114.4): when 
r is large, the important values of ¢ are those near the lower limit. Thus the exponent is determined by 
the position of the first singularity of the function 5®(t). 
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charge in a region r~ 1/m(=h/mc), where m is the electron mass. Outside this 
region, the change in the field decreases exponentially. 

One further general comment may be made. Hitherto we have implicitly 
assumed that the radiative corrections arise from the interaction between the 
photon field and the electron—positron field. Thus, by associating the internal closed 
loops in the photon self-energy diagrams with the electrons, we have taken into 
account the interaction of the photon with the “electron vacuum’’. But the photon 
also interacts with the fields of other particles; the interaction with the ‘‘vacua’”’ of 
these fields is described by similar self-energy diagrams, in which the internal loops 
are associated with the appropriate particles. The contributions of these 
diagrams differ in order of magnitude from those of the electron diagrams by several 
factors of m./m, where m is the mass of the particle concerned and m, the electron 
mass. 

The particles whose mass 1s closest to that of the electron are the muons and 
the pions. The numerical ratios m./m, and m,/m, are close to a. The radiative 
corrections from these particles would therefore have to be taken into account 
together with the electron corrections of higher orders. For muons, the radiative 
corrections can in principle be calculated by means of the existing theory, but for 
pions (which are strongly interacting particles) they cannot. 

This places a fundamental limitation on exact calculations of specific effects .in 
present-day quantum electrodynamics. The use of arbitrarily high-order corrections 
from the photon-electron interaction alone would be an invalid exaggeration of the 
attainable accuracy. 

The radiative corrections to Coulomb’s law discussed in this section are, as we 
have seen, valid even at distances r<1/m,. We can now add that the formulae 
obtained cease to be valid at distances r < 1/m, (or 1/m,), where polarization of the 
vacua of other particles becomes significant. 


§ 115. Calculation of the imaginary part of the polarization 
operator from the Feynman integral 


In a direct calculation from the diagram (the loop in (113.1)), the polarization 
operator in the first approximation of perturbation theory would be given by the 
integral 


op uy d‘ 
— a y"G(p)y’G(p kone (115.1) 


This integral, however, taken over all four-dimensional p-space, is quadratically 
divergent, and in order to obtain a finite result it would be necessary to regularize 
the integral by the procedure described in §112. 

Here, we shall not give the complete derivation, but show how one can use the 
integral (115.1) to calculate the imaginary part of the polarization operator (which 
has been determined in §113 by means of the unitarity condition); this derivation 
includes a number of instructive points. 

The imaginary part of the integral (115.1) does not diverge and therefore does 
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not need regularization. For the scalar function im ? =4im P4% we have 


im @ =i isa | pe STNG PS FS? 
After calculating the trace, we get 
. 4 
im a Pome mT] 
(p) = $55 (2m? + pk - p?). 
Let k?>0. We shall use a frame of reference in which k = (ko, 0), and 
(p — k)’ = (po — ko)’ — p’. 


Using also the notation « = V(p+m?’) (this is not the “energy” of the virtual 
electron po), we can write (115.2) in the form 


ee ee 
im P(e) =im | dp J 1P0 (R= E7 + FO)Do— ka) e+ 10} (115.3) 


2e” | 
(Po, P) = 373 (m? + & + poko — pd). 
The integrand has poles at four values of po: 


(a) po= e — 10, (a’) Po=—e +10, 
(b) Po= ko— € + 10, (b’) Po=ko+ e —i0. 


Figure 21 shows the configuration of these poles; we shall take the specific case 
ky >0, but the final answer depends only on k, and not on the sign of ky. We can 


, er 
b 7 


: ee 
/ 
Fe ee ee ee ee 
J : 
: ae 
Fic. 21. 


calculate the discontinuity of the function A(t) at the cut in the complex plane of 
t =k’ =k or, equivalently, on the real axis in the ko-plane. The real part of P(t) is 
continuous at the cut, and the discontinuity is therefore 


APY (t) = 2iim A(t). (115.4) 
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We shall first show how the position of the cut may be established from the 
form of the integral. Let I(p, ko) denote the inner integral (over dpo) in (115.3). So 
long as the upper and lower poles in Fig. 21 are at finite distances apart, the path of 
integration Over Po can be taken far from the poles, as shown by the broken line. It 
is therefore evident that in this case the integral I(p,ko) is unaltered by an 
infinitesimal upward or downward movement of the poles b and b’ respectively 
away from the real axis, 1.e. by the change ky > ky + i6, 6 ~ 0. Thus, where ky tends 
to its real value from above or from below, the value of I(p, ko) is the same, and 
therefore makes no contribution to the discontinuity AY. The situation is different 
only if two poles (which may be a and b when ky > 0) are exactly one beneath the 
other, so that the contour of integration is ‘“‘trapped”’ between them and cannot be 
moved to a great distance. Thus the discontinuity AP #0 only if the condition 
ko -—e€ =e, Le. kj =2e = 2V (p> + m’), can be satisfied somewhere in the region of 
integration over d’p. For this to be so, we must evidently have ky=2m, i.e. 
t>4m?7.t 

The integral I(p, ko) can be written in the form 


’ dpo 
I(p, ko) = | Bere 0 209 JE Lee 115.5 
(P80) = | I= MlDo— ho) ED eeoee 
with the terms i0 omitted from the denominator and the integration contour C 
correspondingly modified, as shown in Fig. 22. We see that the discontinuity AA(t) 
is due to the impossibility of bringing the contour away from the pole a when it is 
trapped between a and b. The contour C is therefore replaced by C’, which passes 


Cc $ Vd ° e 


C’ : : Oy : 
° 


FIG. 22. 


beneath a, and the integral around a Small circle C” centred at a is added. Then C’ can 
always be moved away from the poles without any difficulty, and the integration along 
it therefore contributes only to the regular part of A(t). To determine the required 
discontinuity, we need only consider the integral along the circle C”, which is done by 
calculating the residue at the pole a. This calculation can be made by substituting in the 
integrand 


st emia E>): (115.6) 
Poe 


+ It can be shown similarly that there is no cut when t = k’<0. Taking in this case a frame of 
reference where k = (0,k), we find that the poles of the integrand are at 


Po=+(e—i0), po=+(V[(p—k)’ +m’ - i). 


The two lower poles are always in the right half-plane of po, and the two upper ones in the left 
half-plane, so that no pair can be vertically aligned. 
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the minus sign is used because the circle around the pole is traversed in the 
negative direction. In the argument of the delta function, only the zero po= + € Is 
to be used (the pole a, not a‘); this is automatically done if we agree to integrate 
over only half of momentum 4-space (po > 0). 

After the substitution (115.6), the discontinuity of the integral I(p, ko) can be 
calculated immediately: 


AI = {I(p, ko + i5) — I(p, ko — i8)}5-+0 


xiv iasete | 8(p3— &)ib (po, p) x 
0 


x | I _ l Je 
(ko — po)’ — 2° + id (ko — po)’ — €°— i8 Po. 
With the equation 
1 Pi Sirs =e) 
(ko Po’ —€°£i5 (Ko Po) —€ 


(see (111.3)), we have 


AI = i(27i)? | 5(p3— £2)8{(ke— po)’ — £716 (o, p) dpo. 
0 


The arguments of the delta functions can be rewritten in an invariant form by 
adding and subtracting p’: 


Po-e€°=p’—m’, (ko— po)’ — &*? =(k—p)y—m’. 


We then obtain finally 


AP(K) = imi? | dp - G(p)8(p?— mal(p —k)— m7}. (115.7) 


pPo>0 


Because of the delta functions, the integration is actually taken only over the 
region of intersection of the hypersurfaces 


p?=m’, (p-ky=m’. (115.8) 


Since in this region all the 4-vectors p are time-like, the condition of integration 
over po > 0 is invariant (the upper interior region of the cone p? = m?). 

Let us compare (115.7) with the original formula (115.2). We see that the 
discontinuity of the function A(t) at the cut in the t-plane can be found by applying 
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in the original Feynman integral the substitution 


Same IO? ~2718(P?— m? (115.9) 


in the propagators which correspond to the loop lines intersected in the diagram 
(113.1) (S. Mandelstam, 1958; R. E. Cutkosky, 1960). 

The conditions (115.8) select the region of momentum space in which the lines 
of virtual particles in the diagram correspond to real particles (the 4-momenta p 
and p-—k are then said to lie on the mass surface). Here we see clearly the 
relationship to the unitarity-relation method, where these lines are replaced by lines 
of intermediate-state real particles. 

We also observe the mathematical reason for the absence of divergence in the 
imaginary part of the diagram: the integration is over a finite region of the mass 
surface, not over the whole of infinite momentum 4-space as in the original 
Feynman integral. 

In order to derive from (115.7) the formula obtained in §113, we return to the 
frame of reference in which k = 0 and integrate over 


d‘p = |ple de dpo do. 


The integration amounts to removing the delta functions, with 


5(p? ~m’) dpo = 5(po- e”) dpy> 5(Po — €) dDo, 


and then 


5[(p — k)?— m?] de = 8[(po— ko)’ — €7] de 
= 5( as 2eko + k2) de 


Fk 5(e —4tko) de. 
The result is 
ee 
AP(t) = -; in? V (ole, p) do, (115.10) 


where t = k? = k?; the value of ¢ is taken for 
Po=€ = ike, p= em =4ko—m’, 


1.e. it 1S 


2 
o(e, p) = 3-3 (2m" + 1) 
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and is independent of the angle. The integration over do reduces to multiplication 
by 47, and we come back to (113.8). 

The only vital point in the foregoing derivation is that the diagram is divided 
into two parts by cutting no more than two lines. The rule stated therefore remains 
valid for diagrams comprising any two sections joined by two (electron or photon) 
lines. The integral calculated by the substitution (115.9) then gives the contribution 
to the imaginary part of the diagram that arises (in the unitarity-relation method) 
from the corresponding two-particle intermediate state. 


§116. Electromagnetic form factors of the electron 


Let us consider the vertex operator I’ = I'*(p2, p,; k) in the case where the two 
electron lines are external lines and the photon line is internal. The external 
electron lines correspond to factors u,;=u(p,) and &#=(p2), and [ therefore 
appears in the expression for the diagram as the product 


jfi = GT uy). (116.1) 


As already noted in §111, this is the electron transition current, including radiative 
corrections. The conditions of relativistic and gauge invariance enable us to 
establish the general matrix structure of this current. 

The electromagnetic interaction operator V =e(jA) is a true scalar (not a 
pseudoscalar), in accordance with the conservation of spatial parity in these 
interactions. The transition current j; is therefore a true 4-vector (not a pseudo- 
vector), and hence can be expressed only in terms of other true 4-vectors formed 
from the two available 4-vectors p, and p, (k = p2— p, is a third) and the bispinors 
u,; and u. There are three independent 4-vectors of this kind bilinear in # and u: 


Uzyuj, (U2U))p1, (#21) po, 
or, equivalently, 
Uryuj, (U2u,)P, (d2u))k, (116.2) — 


where P = p, + p2. The condition of gauge invariance requires that the transition 
current should be transverse to the photon 4-momentum k: 


ink = 0. (116.3) 


This is satisfied by the first two 4-vectors (116.2), respectively because of Dirac’s 
equations | 


(ypi—m)u,=0, i{yp.—m)=0 (116.4) 


and because Pk =0. The current j,; is given by a linear combination of these two 
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4-vectors: 


Jf = fi(inu,)P* + frliny"u)), 


where f, and f, are invariant functions, called the electromagnetic form factors of 
the electron. 

Since the 4-momenta p; and p; relate to the free electron, p? = p3}=m’, and 
from the three 4-vectors p,;, py and k (which are related by k = p.—p,) we can 
construct only one independent scalar variable, which we take as k”. Then the form 
factors are functions of k’. 

The expression for the current can also be put in other forms with different 
choices of the two independent terms. Using the equations (116.4) and the com- 
mutation rules for the matrices y, we can easily show that 


(u,0""u,)k, = — 2m(iny"u),) + (du) P*, (116.5) 
where o%’ = s(y"“y" —y’y"). The coefficient of this term will later be seen to have 
an important physical significance, and we therefore write 


P= y"f(k2) 5 g(k?)o"k,, (116.6) 


where f and g are two other form factors; the reason for writing the factor 1/2m 
separately will be explained below.t For brevity, we shall always use the vertex 
operator instead of the current, the # and u, on either side being understood. 

In order to determine the properties of the form factors, let us consider the 
diagram (110.16) for the interaction of an electron with an external field. The 
corresponding scattering amplitude 1s 


My = — ej iA '(k), (116.7) 
where of‘ is the effective external field (taking account of the polarization of the 
vacuum). 

The amplitude (116.7) describes two reaction channels. In the scattering chan- 
nel, the invariant t is such that 


t=k?=(p.— pi) <0. 


Putting p_- for p2 and — p, for p,, we change to the annihilation channel, which 
corresponds to pair production with 4-momenta p- and p,. In this channel, 


t=(p_+p.) 24m’. 
The range 0 < t <4m?’ is non-physical. 


t To avoid misunderstanding, it may be mentioned that in the definition (116.6) k 1s assumed to be 
the 4-momentum of the photon line coming to the vertex; for the outgoing line, the sign of the second 
term would be reversed. 
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Let us now consider the unitarity condition (111.12). In the scattering channel 
(t <0) there are no physical intermediate states in this case: one free electron 
cannot change its momentum or give rise to any other particles. There are also, of 
course, no intermediate states in the non-physical region. Hence, when t < 4m’, the 
right-hand side of (111.12) is zero, so that the matrix T;; (or, equivalently, Mj;) 1s 
Hermitian: 


My = M*;. 


The interchange of the initial and final states corresponds to the interchange of p> 
and p,, and therefore to a reversal of the sign of k. Putting M,; in the form (116.7), 
we therefore have 


PAM Ok) = jPod ,O*(— k). 


Since &°(—k)= 4 '*(k), it follows that the transition-current matrix 1s also 
Hermitian: 


ji = it, when t<4m’. (116.8) 


Using the properties of the matrices y (21.7), we can easily prove that 


(ury"uy) = (yy*U2)*, 


(in0""u,) = — (do UD)*. 


Thus j*, differs from j,, only in that the functions f(t) and g(t) are replaced by their 
complex conjugates, and it then follows from (116.8) that these functions are real. 
Thus 


im f(t)=im‘g(t)=0 when t<4m’., (116.9) 


In the annihilation channel (t >4m/’), the f state is a pair which can be 
transformed into another pair with different momenta (elastic scattering) or into a 
more complex system. The right-hand side of the unitarity condition is therefore 
not zero, the matrix My, (and hence j;,) is not Hermitian, and so the form factors are 
complex. 

The analytical properties of the functions f(t) and g(t) are exactly similar to 
those of the function A(t) discussed in §111, although it is difficult to prove them so 
directly. These functions are analytic in the complex t-plane cut along the positive real 
axis t > 4m’, with 


f*(t)=f(t*),  g*(t) = g(t*). 


The renormalization condition (110.19) applied to. the vertex operator (116.6) 
leads to the requirement 


f() = 1. (116.10) 
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In order to include this condition automatically (when calculating f(t) from its 
imaginary part), we must apply a dispersion relation of the form (111.8) not to the 
function f(t) itself but to (f — 1)/t. Then we get the dispersion relation ‘‘with one 
subtraction”: 


fe] 


f()-1== | pe tt’ (116.11) 


4m 


No values for the form factor g(t) are prescribed by physical conditions. Its 
dispersion relation will therefore be written ‘‘without subtractions”’: 


wo-2 fe ama. 5 dt. (116.12) 


The value of g(0) has an important physical significance, as it specifies the 
correction to the magnetic moment of the electron. In order to see this, let us 
consider the scattering of a non-relativistic electron in a constant magnetic field 
which is almost uniform in space. 

The term in the scattering amplitude (116.7) which depends on the form factor 


g(k’) is 
5M; = i e(k?)(do"’u))k,A(k). (116.13) 


For a purely magnetic field, A“ = (0, A); since the field is constant in time, the 
_4-vector k* = (0,k), and since it varies only slowly in space, k is small. With a view 
to subsequently taking the limit k->0, we have already replaced the effective ¥“’ 
by A® in (116.13). Expanding (116.13) and expressing it in terms of three- 

dimensional quantities, we find | 


5 Mii = oA g( , k’)(@22u,)ik x Ax, 


where & is the matrix (21.21). The product ik < A, is replaced by the magnetic field 
H,, and we can then take the limit k>0. Finally, with the non-relativistic spinor 
amplitudes w,, w2 given by (23.12): 

ii, = V(2m)(w 0), 

u, = Veem)("4'}, 


we have 


8M; = = 2(0) H, - 2m(wSow,). (116.14) 
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This expression may be compared with the scattering amplitude in a constant 
electric field having the scalar potential ®,: 


My as e(iny’u,)®, aa e®D, a 2m(ww)). 


We see that an electron in a magnetic field can be regarded as having an additional 
potential energy 


é Pe 
aa g(O)o - Hy. 


¢ 


This means that the electron has an 
units) 


‘anomalous’ magnetic moment (in ordinary 


uw’ = (eh/2mc)g(0) | (116.15) 


in addition to its “‘normal’’ Dirac magnetic moment eh/2mc. 


§ 117. Calculation of electron form factors 


Let us now go on to the actual calculation of the electron form factors (J. 
Schwinger, 1949). In the zero-order approximation of perturbation theory, the 
vertex operator [* = y”, 1.e. the electron form factors are f =1, g =0. The first 
radiative correction to the form factors is given by the vertex dia~ram 


(117.1) © 


with two real external electron lines and one virtual external photon line. We shall 
first calculate the imaginary parts of the form factors. As has been shown in $116, 
these differ from zero only in the annihilation channel (k? > 4m’); accordingly, the 
4-momenta of the external electron lines in the diagram (117.1) correspond to the 
production of an electron and a positron, and are denoted by p- and —p,. The 
analytical expression of the diagram (117.1) is 


4 
- iet(p-P*u(— p.) = (ie ap-dy"i | Gip)y*G0P - Ky Duh) GA u(— ps) 
(117.2) 
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or, in expanded form, 


rm Ses 7 id"(p) d“p 
y"f(k?) ~~ a(k?)o k=] ee ae (117.3) 


with the notation 


o*(p)=— er ret ey + mye (117.4) 


and .mitting for brevity the factors u(p_), u(—p;); it is understood that both sides of 
the equations below are placed between these factors. 

The horizontal dotted line divides the diagram (117.1) into two parts, in such a 
way as to indicate the intermediate state which would figure in a calculation of the 
imaginary part of the form factor by means of the unitarity condition, namely the 
state of an electron—positron pair with momenta differing from p-_, p.. The 
intersection also shows where the pole factors are to be replaced in the integral 
(117.2) in order to use the rule (115.9) in the calculation (in (117.3), these factors 
have been separated in the integrand). 

The integral in (117.3) has the same form as that in (115.2), and we can therefore 
immediately write the result of the transformation as in (115.10): 


Pee 
2y" im f(t) — o”’k, im g(t) = ~4n?y| (2) | b"(p) dog, (117.5) 


where t = k’, the integration is over the directions of the vector p, and the 4-vectors 
p.=p and p,=k-—p in the definition of the function ¢@*(p) (117.4) become the 
4-momenta of real (not virtual) particles. The expression (117.5) relates to a frame 
of reference in which k = 0, i.e. the centre-of-mass system of the pair p-, p. (and 
hence of the ‘intermediate’ pair p', p:). In this frame, therefore, k = (ko, 0), 
p- = (5ko, p_), p+ = Gko, —p-), p = (ko, p), and it is easy to verify that 


f?=(p—p-_yY =—2p’(1 —cos 6) = — x(t —4m’)\(1 — cos 8), (117.6) 


where @ is the angle between p and p- (and p’=p’). Not substituting (117.4) in 
(117.5) and eliminating the matrices y”... y, in the integrand by means of (22.6), we 
have 


y“ im f(t) — o ok, im g(t) 


= e? doy ' rm _ 


— 


= — e” doy _ u M mi 
~ 4V[t(t —4m?)] laca — cos ay | 2m*y" + 4m(P” + 2f*)+ 
+ 2(yp. — yf)y"(yp- + yf)I, (117.7) 
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with the 4-vectors 


f=p-p-=(0,f), P=p--—p.=(0, 2p-). (117.8) 


The integration now amounts to the calculation of the three integrals with 
different numerators 


HM fur 
Oe ae ELLE oo (117.9) 


The integral I is logarithmically divergent when 6-0. If it 1s written as 


t-4m2 ~(t-4m2) 


p= J d(P)/f = | d(PIF?, 


0 


we see that the divergence corresponds to small “‘masses”’ of the virtual photon, 1.e. 
it is an “‘infra-red’’ divergence, which will be further discussed in §122; here we 
shall merely note that the divergence is fictitious, in the sense that, when all 
physical effects are correctly taken into account, the divergences of this kind 
cancel out. We can therefore cut the integral off at any lower limit, and then, in the 
subsequent calculation of real physical phenomena, make this limit tend to zero. 

Here it will be simplest to apply the cut-off in a relativistically invariant manner. 
To do so, we assign to the virtual photon f a small but finite mass A (<m), i.e. make the. 
change 


pope (117.10) 


in the photon propagator D(f’) in (117.2). Then 


—(t-—4m2) 
2 Aen 
I = | ae = log (117.11) 
0 


The integral I“, in which f” is a space-like 4-vector, must be expressed in terms 
of the 4-vector P”, which (unlike k“, the only other available 4-vector) is space-like 
for all p, and p-. Hence I’ = AP”. If this equation is multiplied by P, and the 
integral P,I* is calculated in the centre-of-mass system of the pair (with the 
components of the 4-vectors f and P given by (117.8)), the result is 


1 
_ 1 f-pd cos 6 
A=] 1—cos 6 
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Thus 
{Y==P*, (117.12) 


oa i -)+1P*P*; (117.13) 


to determine the coefficients in this expression, we have only to evaluate the 
integrals If and I’’P, P,. 

The calculation continues as follows: (117.11)}-(117.13) are substituted in (117.7) 
to obtain a series of terms between u(p_) and u(—p.). In each term we use the 
commutation rules for the matrices y“ to “propel” the factor yp, to the right and 
yp- to the left; then we can make the replacements yp_—m, yp.——™m, since 


U(p-)yp-= mu(p-), yp.u(— p+) = — mu(— py). 
In the resulting sum 
— 4(p.p_)Iy" + 2mP" —3P’y" 


we can then replace P’ by 2my" +a°"’k,, which is equivalent to it when between 
the # and u factors; cf. (116.5). Finally, all quantities are expressed in terms of the 
invariant t =k? (2p.p._=t—2m’, P?’=4m’-t) and the two sides of (117.7) are 
compared; this yields the following expressions for the imaginary parts of the form 
factors: 


_ am? 
im g(t) = itt — 4m) (117.14) 
t—4m? 


im f(t) = Wiel 31+ 8m?+2(t— 2m) log —F™ |. (117.15) 


The infra-red divergence occurs only in im f(t). 

The functions f(t) and g(t) themselves are obtained from their imaginary parts — 
by means of (116.11) and (116.12), in which the integrations are effected by the 
same substitutions as were used in §113 to calculate P(t). The form factors are 
given in terms of the variable € (113.11) by 


g(é) = a See (117.16) 


g 
_ m 3(1+ &?)+2é 
fe) — 1 = {2(1 + F*$5 0g €) tog GEE tog g 
irre — flog? € - 2F(E) +2 log é log (1+ 6)}}, (117.17) 


where F(é) is Spence’s function (131.19). 
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In the non-physical region (0 < t/m’? <4), we must put é = e’*. The expressions 
for the form factors can then be written 


$/2 


f(g) =| (1- e tog +2508 251 54 —2— | x tanx ax}, 
0 


tan d r 2 sin d tan @ 
(117.18) 
a © 
NO) oF sino (117.19) 
Finally, the following are the limiting expressions: for small |t\, 
fit)—1= 5225 (log ™ -3), It]<4m?, g(t) =al2n, (117.20) 


and for large (tl, 


f(t)—1 --#( log? Ht + 210g™ ™ tog th) + a ae log (t/X), t> 4m’, 


—t>4m‘*, 
(117.21) 
— am? tl fiam?/t, t>4m?’, 
g(t) = art tog H+ { spe nee de (117.22) 


Formula (117.21) is valid (as regards re f) with what is called double-logarithmic 
accuracy, l.e. as far as the squares of the large logarithms.t 


§ 118. Anomalous magnetic moment of the electron 
As has been shown in §116, the value of g(0) determines the radiative correction 
to the magnetic moment of the electron. If we seek to calculate only this quantity, 


there is of course no need to find the whole function g(t). From (117.14) and 
(116.12), 


gy PED Fe een 
= | Pat = Fe | Eo ae eel 


With this correction, the magnetic moment of the electron is 


_ eh a | 
1h (og) aun 


a formula first derived by Schwinger (1949). 


t The expression for the vertex operator in the case of one virtual and one real external electron line 
and a real external photon line is given by A. I. Akhiezer and V. B. Berestetskii, Quantum Elec- 
trodynamics, Interscience, New York, 1965, §47.5. 
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In the next approximation (with terms in a’), the radiative corrections in the 
form factors are represented by the seven diagrams (106.10, (c)-(i)). Even to find 
the value of g(0) in this approximation demands very lengthy calculations. Details 
of these may be found in the original papers; here we shall give only the final 
valuet for the correction in the second approximation: 


197 1 3 
g? EE ie ety get = 
(0) = (¢ ) (Bs 57 log 2+ £3)] 
= — 0.328 a?/n’. (118.3) 


The magnetic moment of the electron is therefore 


2 
re sn (1+ - 0.3285) (118.4) 


(C. M. Sommerfield, 1957; A. Petermann, 1957). 
Particular consideration may be given to the contribution of the vacuum 
polarization to the correction g”(0), namely the diagram 


(118.5) 
FO; 


which contains a photon self-energy part. It differs from the first-approximation 
diagram (117.1) only by having instead of the photon propagator D(f’) = 47/f? the 
product 


P (f*) _ 4m P(f*) 
Dg) 2 pg) =, 


where #(f’) is the polarization operator in the first approximation (terms in a), 
calculated in §113. Repeating, with this difference, some of the calculations in §117, we 
find as the “‘polarization part” of the correction 


J 
. P(f') 1+ 3 cos 8 


im g polar. (t) = Tt a 7 AY) Lt cos 0 d cos @, (118.6) 
al | 
with 
f?=—4(t —4m’)(1 —cos @); (118.7) 


+ The calculation by the unitarity method is given by M. V. Terent’ev, Soviet Physics JETP 16, 444, 
1963. 
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see (117.6). When this integral and then 


x 


2 ain (0) = 4 | im Boe (t yo (i 18.8) 


2 


are calculated, the result is 
77119 1 a? 
gPae(0) = 9S (Ge737"] = 0.016 5, (118.9) 


which is about 5% of the total quantity (118.3). 

It has already been noted at the end of §114 that vacuum polarization for other 
particles may also make a contribution to the radiative corrections. The con- 
tribution of the muon vacuum to the anomalous magnetic moment of the electron is 
obtained from the same formulae (118.6)-(118.8), in which m is again the electron 
mass m, (this applies also to the definition of the variable f’) but the parameter m 
in the expression for P(f*) must be the muon mass m,. The function P(f*)/f? 
depends only on the ratio f?/m7?. In the integral (118.8) the important values of t 
(and therefore of f*) are those comparable with m2; hence the ratio f?/m?, ~ 
(m./m,)’<1, and in evaluating the integrals we can use the limiting formula 
(113.14), according to which 


P(f*) _ a &. 
fr -* 15a m2 


From this we see that the contribution to g7(0) from the muon vacuum polarization 
contains the extra small factor (m,/m,)’. 

The opposite situation, however, occurs for the corrections to the magnetic 
moment of the muon. Since the particle mass does not appear in (118.3), this value 
of 2°(0) is valid for the muon also, and it takes into account the contribution of the 
muon vacuum polarization. But the contribution from the vacuum polarization of 
other particles, namely the electrons, is here considerably greater. It can be 
calculated from formulae (118.6)-(118.8), with m, for m and the electron polariza- 
tion operator for P(t). Unlike the previous case, the important range of values is 
now given by f*/m?~(m,/m.)’>1, and P(f*?) must be taken as the limiting 


expression (113.15): 
2 
se Ve 3— log ae 


The calculation of the integrals gives 


2 
; _(@ 1 m, =) 
[g (0) Jetectr. polar (=) (3 log m, 36 


= 1.09 a’/m’ (118.10) 


(H. Suura and E. H. Wichmann, 1957; A. Petermann, 1957). 
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Adding (118.10) and (118.3), we find as the magnetic moment of the muon 


2 
bowen = Fore (1+ 5 + 0.7655), (118.11) 
vs 


The contribution of the muon vacuum polarization (118.9) is here about 2% of the 
total value of g®(0). The pion vacuum polarization would give a contribution of the 
same order (because of the similarity of the masses), but this cannot be calculated 
exactly, and so there would be no point in finding the corrections ~a°’ in the 
magnetic moment of the muon. 


§119. Calculation of the mass operator 
The method of direct regularization of the Feynman integrals may be demon- 


strated by a calculation of the mass operator. In the first non-vanishing ap- 
proximation, the mass operator 1s represented by the loop in the diagram 


p-k 
=O (119.1) 
k 


corresponding to the integral 


— iM( )=(~iey | "G(p — k)y’D,,. (k) d*k : 
p y p Y Mur (QQr)” 


on substituting the propagators and combining the factors y”...y, by means of 
formulae (22.6), we get 


ary Sti 4 2m — yp + yk 4 
ho)=- aan | Sea eee 


(the bar over 4 denotes the non-regularized value of the integral). The fictitious 
‘photon mass” A is used in the photon propagator in order to eliminate the 
infra-red divergence (as in §117). 

The integral may be transformed by means of formula (131.4), with a, and a, 
the two factors in the denominator of (119.2). A simple rearrangement of the terms 
in the denominator of the new integral gives 


y = 3 4 Pp elu / J dl 
M(p) = me? fac i(k rr ay (119.3) 
with 
a* = m’x*—-(p?—- m’)x(1—x) + A701 — x). (119.4) 
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The change of variable k >k + px brings the integrand in (119.3) to a form in 
which its denominator depends only on k’; according to (131.17), (131.18) a 
constant is then added to the integral: 


l 
- __ 8a 4 2m—yp(li—x) 1. 
M(p) = Qn) e{ | d°k J dx  (ke-ay 4 inp }. (119.5) 


(The term in yk in the numerator is here omitted, since it gives zero on integration 
over the directions of the 4-vector k; cf. (131.8).) 

The regularization of this integral involves subtractions such as to reduce it to 
the form (110.20). The latter expression gives zero on multiplication by the wave 
amplitude u(p), if p is the 4-momentum of a real electron. Without bringing in u(p) 


explicitly, we can formulate this condition as stating that (p) vanishes when we 
substitute 


yp>m, p’>m’. (119.6) 


The form of the integrat (119.5) is convenient in that the 4-vector p appears in it 
only as yp and p’, but not as kp. 


Subtracting from (119.5) a similar expression after the substitution (119.6), we 
get 


1 
= d*k J dx ooy (yp —- m) — 4im(yp _ m)}, (119.7) 


with aj = m’x*+ A*(1—x). 

To complete the regularization, however, a further subtraction is needed: 
according to (110.20), the substitution (119.6) should reduce to zero not only (p) 
itself but also M(p) without the factor yp—m. A corresponding subtraction 
removes entirely the second and third terms in the braces in (119.7).+ The first 
integral is transformed by incorporating a further integration (using (131.5)), taking 
n=2,a=k*- a’, and b = k?— a3. Then (119.7) becomes 


l 1 
(yp ~ m) ze? | dh [ ax | az! +m)[2m — p(i— x)|x(1 =x) 
0 0 


[k°- ag+(p’—m’‘)x(1—x)z] 


+ Thus, in the process of renormalization “ten route” (§110) we omit corrections to the renor- 
malization constant Z,. The corresponding integrals are logarithmically divergent. If we use a “cut-off 
parameter” A’?> m7’, p’, and limit the region of integration over d‘k by the condition k? <A’, the 
correction can be explicitly calculated; the result is 


2 2 
Z1=1+Z)”, 21 =~ 2 [5 tog *1 + log An+ |. | (119.7a) 
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where we have also used the identity p’-— m’? =(yp — m)(yp + m). The integration 
over d‘k is immediate: assuming that p?— m’?<0 and using (131.14), we have 


1 


2 _ 7 : 
(yp ~m)5— | dx | dz (yp +m)(2m p(l x)]x(1 x) 
0 


J m°x° +A -—x)+(m°— p*)x(1 — x)z° 


We now need to subtract a similar integral with the substitution (119.6), omitting 
temporarily the factor yp — m; after some simple calculations, we get 


1 | 


2 
M(p) = (yp — m= | dx | dz x 
0 


0 


m(1—x’)—(yp +m)(1 -x)[1 -3t Ole 
«\ reer or (119.8) 


(the term in A? is omitted from the common denominator, since this causes no 
divergence in the present case; elsewhere, A’(1—x) is replaced by A’, since the 
infra-red divergence will correspond to the divergence as x > 0). 

The integration in (119.8) (first over dz and then over dx) is fairly lengthy but 
elementary, and the result is 


ey See,” ee (1-42 )- 

M(D) = 5 (yp a ers I =p ee 
- win l _ ,p +4p-4 *)| 119.9 
re ries pe log p) + 1+2log~ , (119.9) 


with 
p= (m? s2 p’)im? 


(R. Karplus and N. M. Kroll, 1950). The integral has been calculated on the 
assumption that p >0 and p>A/m. In accordance with the rule for passing round 
poles, in the analytical continuation of (119.9) into the region p < 0 the phase of the 
logarithm is found by making m > m — i0; then p—> p — i0, and log p must be taken 
for p <0 as 


log p =log|p|—im, p<0. (119.10) 


Let us now consider how the mass operator behaves when p*>m?’. Then 
—p=p?’/m*> 1, and with logarithmic accuracy we have 


M(p) = - [9° '(p) - G""(p)] 


2 
Qa, 
~ 7 (yp) log £5, (119.11) 
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As in the case of the photon propagator (cf. formulae (113.15) and (113.16) for the 
polarization operator), the correction to G™' is small only when the energy is so 
small that 


2 
a Pp < 
re log ne <1. 

In the present case, however, the logarithmic increase is in a certain sense 
fictitious, and can be eliminated by a suitable choice of gauge, i.e. of the function 
D in the photon propagator (L. D. Landau, A. A. Abrikosov and I. M. Khalat- 
nikov, 1954). To achieve this, we put (in the notation of §103) 


DY’ =0; (119.12) 
whereas formula (119.9) has been derived with the gauge 
D® = D. (119.13) 


This property of the gauge (119.12) makes it especially suitable for investigating the 
theory when p’?> m7’, as we shall do in §132. 

To prove the result stated, we note that, if only terms in e” are concerned, the 
transformation from the gauge (119.13) to (119.12) can be regarded as infinitesimal. 
Accordingly, we can apply immediately the formula (105.14), with 


d'"(q) = — Diq? = ~ 4ul(q°Y, 


and. also replace & in the integrand by G with the necessary accuracy. In the 
integral over d“q, the important range is q > p, for which G(p — q) in the integrand 
is much less than G(p) and can be neglected. Then 


6G-'=-—G (p)6G(p) 
= ~ je?G-\p) | d(q) d4ql(20)'. 


Finally, with the transformation (131.11) and (131.12), we have 


2 bs pee 
89-"p) =-F- Xp) | FP 
2 2 


= —— yp lo 
Aor YP BD» 


where A is an upper limit, at which the divergence is removed by renormalization; 
the renormalization consists in subtracting the same expression with p’~m’, 
giving finally 

2 


2 
~1_ © 
5G 4a YP log F.. 


This just cancels the difference @-'— G™ in (119.11). 
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Lastly, let us consider why it is necessary to use a finite “photon mass” A in 
regularizing the integral (119.2), which is closely related to its behaviour when 
p’—>m_’. Firstly, this integral itself is finite when p’ = m’ and A = 0; to exclude the 
divergence for large k, which is here unimportant, we assume that the integral is 
taken over a large but finite region of k-space. The need to use A arises in the 
subtraction of the renormalization integral, which would otherwise diverge at 
p’>=m’. Let us therefore ascertain how the non-regularized mass operator would 
behave as p’—> m’. Since this behaviour depends essentially on the choice of gauge, 
we shall consider the general case of an arbitrary gauge, whereas the integral 
(119.2) has been written for the specific gauge (119.13). 

We again apply the transformation (105.14). Writing 


d(q) i §D/q? 


2 ay $a(q?), (119.14) 


we assume that 6a is the variation of a function a(q’) which changes appreciably 
only over intervals q? ~ m’ and is finite when q’ ~ m’. In the integrand on the right 
of (105.14), the two terms in the difference 4(p) — G(p — q) are almost equal when q 
is small, and the integral converges. For small q, 


1 
<7 aa eas ) 
(p — q) a ee Ye 


and so G(p — q) may be neglected in comparison with 4(p) when q >(p2— m’)/m. 
The integral 


d‘ 
5G(p) = ie*4(0) | AQ) SL 
a e? », a(— *) 
=F () { bag) —P? 
diverges logarithmically in the range 


2 an? 


m 
We therefore have, with logarithmic accuracy, 


5G - e? 2 m? 
7 a da(m Oe ane 

This can be integrated as follows. When a = e?—0, the exact propagator 9 must 
be the same as the free-particle propagator G, and therefore 


G(p) = (119.15) 


Sy Rey: 


( m2 en 
p--m 


1 
yp -—m 
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where a = a(m’) and C is a constant. To determine C, we compare the expression 


$'(p) = (yp ~ m)| 1+ (C~ as) log 0, (119.16) 


which is obtained from (119.15) in the first approximation with respect to a, and the 
corresponding expression given by the integral (119.2) when A = 0:T 


G'(p) = (yp ~m)[1+* log |. (119.17) 


According to the definition (119.14), the function a(q’) is equal to the ratio D“/D. 
The gauge (119.13) to which (119.17) belongs therefore corresponds to a = ay = 1. 
Equating (119.16) and (119.17) for this value of ao, we find C = 3. 

_ Thus we have finally as the limiting (infra-red asymptotic) expression for the 
unrenormalized electron propagator with p’?—> m? 


+ 2 a(3~—ap)/27 
69) = B28 () i908 


(A. A. Abrikosov, 1955). The validity of this formula depends only on the 
inequalities a <1, | log p|>1, whereas the formulae of perturbation theory would 
require also that a| log p|/27 <1. The sign of the difference p’—m? is also unim- 
portant here, since the imaginary part of (119.18) is in any case beyond the limits of 
its accuracy. 

The renormalized propagator must have a simple pole when p’= m7’. We see 
that (119.18) satisfies this condition only in the gauge where 


D® =3D (119.19) 


(so that a)=3). Then the regularization of the Feynman integral (in order to 
prevent its divergence at the upper limits) will not require the use of a finite 
‘photon mass’. In other gauges, the zero mass of the photon produces a branch 
point instead of a simple pole at p’ = m’, and the finite parameter A is needed in 
order to remove this “‘defect’’. 


§ 120. Emission of soft photons with non-zero mass 


In calculating the electron form factors in §117, we encountered a divergence of 
the integrals when the frequencies of the virtual photons are small. This divergence 
is Closely related to the infra-red catastrophe discussed in §98, where it was pointed 
out that the cross-section for any process involving charged particles (including the 


t It is not necessary to repeat the calculations in order to derive (119.17). The term in log p in (119.9) 
— is obtained on the assumption that p > A, which allows the limit 4-0 to be taken. The term in log (A/m) 
arises from the subtraction of the renormalization integral, and is not present in the original integral 
(119.2). The subtraction is easily seen to have no effect on the log p terms. 
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scattering of electrons by an external field, represented by a diagram such as 
(117.1)) has no significance in itself, but only when the simultaneous emission of 
any number of soft photons is taken into account. It will be shown in §122 that all 
the divergences cancel in the total cross-section, which includes the emission of 
soft quanta. Here, of course, in order to obtain the correct result it is necessary for 
the initial ‘‘cut-off’ of the divergent integrals to be taken in the same manner in all 
the cross-sections in the sum. 

In §117, this cut-off was applied by means of a fictitious finite mass A of the 
virtual photon. We must therefore now modify the formulae of §98 in such a way 
that they describe the emission of soft “photons” with non-zero mass. 

Formally, such a photon ts a ‘“‘vector’’ particle with spin 1, whose free field has 
been discussed in §14. Such particles are described by a 4-vector w-operator 


A 


wb, = V(40) > Teiay eee ee + EE ee * ee), a =1,2,3; (120.1) 
k,a 


the notation and normalization differ from that in (14.16), in order to bring them 
into line with the photon case. 

The interaction of the “photons” (120.1) with electrons is to be described by a 
Lagrangian of the same form as for true photons: 


— ef" Wy, (120.2) 


the potential A, being replaced by Wy. Then the amplitudes for the processes of 
emission of photons with finite mass will be given by the usual rules of the diagram 
technique, the only differences being that 


k? =)? (120.3) 


and that the summation over the polarizations of the emitted photon must be taken 
over three independent polarizations (two transverse and one longitudinal) instead 
of two as for the ordinary photon.This is equivalent to averaging with respect to 
the density matrix of unpolarized particles 


Pur = — (eu. oF aa (120.4) 


(cf. (14.15)), followed by multiplication by 3. 
The propagator for “‘photons with non-zero mass’”’ is 


4 kk, 
Doo = Grp? (Be AY) 


(cf. (76.18)), but in the case of gauge invariance the amplitudes of real scattering 
processes do not depend on the longitudinal part of the photon propagator, and this 
property is not the result of the specific form of its transverse part. The second 
term in the parentheses can therefore be omitted, leaving an expression of the same 


§120 Emission of Soft Photons with Non-zero Mass 531 


type as for ordinary photons: 


4 
Dy = p> a Bur (120.5) 


as has been used in §§117 and 119. 

Let us now consider the emission of soft photons (in the sense explained in 
§98). The derivation of (98.5) and (98.6) can be applied to the present case, the only 
difference being that the term k’ = A’ is added in expanding the squares (p + k)* in 
the denominators of the electron propagators. We thus have, instead of (98.6), 


re ee pe |? d’k 
= dow 8 ET RENT SaZa’ 


where do, is the cross-section for the same process without emission of a soft 
quantum, which we shall conventionally call an ‘elastic process’. In the in- 
tegrations over d°k, the important range is |k| ~~ A. Then p’k ~ pk > A’, so that the 
terms in A’ in the denominators may be neglected. The summation over polariza- 
tions of the photon ts carried out by means of (120.4), as already described. When 
the approximation stated is used, the second term in (120.4) makes no contribution 
to the cross-section, and there remainst 


__ . Fy) oh 
Bor seca Age As) ten) 


We thus recover formula (98.7), but w must now be taken as 
w = V(k’?+ 22). (120.7) 
Formula (120.6) is completely general: it is applicable to both elastic and 
inelastic scattering and even when the type of particle changes. The result of the 
further integration over d’k depends on the 4-vectors p and p’, i.e. on the nature of 


the basic scattering process. 
Let us take the case of elastic scattering, for which 


Ipl=|p'l, e=e’, 


and determine the total probability of photon emission with a frequency less than 
SOME Wmax, With the assumption that 


dK Wmax (120.8) 


and that wmax iS subject to an upper limit governed by the conditions (98.9) and 
(98.10) for the theory of soft-photon emission to be valid. We first calculate the 


t There may be some doubt at first as to the validity of neglecting A’? before averaging, since it 
occurs in the denominator of the second term in (120. 4), but we can easily show directly that this term 
gives, on averaging, a contribution ~ A‘ - 1/A’, which is negligible. 
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integral over d°k in the non-relativistic limit. For |p| = |p’|<m, 


(fm in) ~ ~ a 


mo 


where q = p’ — p. Integration over the directions of k gives 


Then, from (120.6), 
_ e*g’ k’ k’ dik 
dom dow me | [sala 
0 


or, after integration with the assumption that wmax/A > 1, 


2 
do = dow 3% 4, (log “3 2), q? <m?. (120.9) 


In the general relativistic case, the integral is calculated by means of (131.4). 
The angle integral is then 


- fa euereer tL. Cee 
TH [(pk)x + (p’k)( = x)P 


or, expanding the scalar products with p = (e, p), p’ = («, p’), 
a do, 
ne J x J {ew —k- [px + p'(1 — x)]}” 


The inner integral is now easily calculated in spherical coordinates with the polar 
axis along the vector px + p’(1 — x), giving 


_ 4m dx 
a J (ew) — [px + p'(1- x) Pk’ 


4n dx 


[m2 + q’x(1 —x)]k' + e*,? 


Owe, 


The other two integrals, with (pk) and (p’k)’ in the denominators, are derived from 
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this by putting q = 0. Using also the formula 


pp'= e?-p:p’'=m’ + Iq’, 


we get 
l Omax 
d ak | k’ d|k { m’?+4q m? \ 
Ta SO YY VR +ND lim? + x — xe + re 
0 0 
(120.10) 


The integration over d|k| calls for the calculation of integrals having the form 


Wmax 


j Kal 

(ak + A‘°)V (k’ + A°) 

1 fF dil wv dk 
“4 (k°+A°) a [ora (k? + A’) 


oe 22nax _ 1 dz 
a g J) (az* + 1)V(z? +1) 


In the second integral we have put Az for |k| and replaced the upper limit wmax/A by 
infinity; this is permissible, since the integral converges. 

The integrals over dx which then occur tn (120.10) cannot be expressed entirely 
in terms of elementary functions. The result may be written in the form 


do = a F (J2) log “+ F 1 do, (120.11) 
wheret 
F(Q=+ ‘ated log (E+ Vie +I)-1], (120.12) 
P= 1 =p 
1s i= ale tie) vee) 
: 


a= + [m? + q’x(1 — x)]. 


+ The function F(é) has already occurred in §98, Problems. This is not surprising, since (120.11) can 
be derived with logarithmic accuracy by integrating the cross-section (98.8) for the emission of 
zero-mass photons over dw from A to wma. 

If € is replaced by a variable @ such that & = sinh 36, then 


_F(6) = (2/7)(6 coth 6 — 1). (120. 12a) 
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An asymptotic expression for the cross-section in the ultra-relativistic case can 
be obtained, assuming not only that « >m but also that |q|/>m, i.e. that the 
scattering angle is not very small. Then the important range of values of x in the 
integral in (120.13) is that for which a <1; the appropriate approximations give 


7 


F, = 


ee 
0 


i setelteeataadi 
27 x(1-x) 


The integral is to be cut off at a~1, ie. at x ~m7/q’ at the lower limit and 
1—x ~m/’/q at the upper limit. Then 


l Z 2 2 
Beas E log Sy log 4; — log? 45] 
2 


ell. 2 = & 3] 
= [log 4, 4 log = log 4, 


m 


This formula is valid as far as the squares of the logarithms (with double- 
logarithmic accuracy). To the same accuracy, it is sufficient to put in the first term 
in (120.11) 


F(E)~ (4/7) logé (€>1). 


The final result is 


== log 4 ce log — — — log — — log q+) + — z log” 4] dou, gq? >m’. 
(120.14) 


§ 121. Electron scattering in an external field in the 
second Born approximation 


In the first two approximations with respect to the external field, the scattering 
of an electron is represented by the diagrams 


4 
] QFP'-t 4 paces 
ran p+ (121.1) 
é Ww . P=prq 
M mi?) 


The first of these corresponds to the amplitude M‘" ~ Ze’? considered in §80. The 
amplitude of the second approximation is M® ~ (Ze’)’. 
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It is easily seen that terms of the same order as this arise from the radiative 
corrections. In the third order of perturbation theory, the radiative corrections to 
the scattering amplitude are represented by the diagrams 


"q (121.2) 
. 
Here M® ~ Ze? - e?, and M® ~ M™ (if Z ~ 1). 
According to (64.26), the scattering cross-section is 
do =|M$)+ MP + MP do'/167’. (121.3) 


In the squared amplitude we can retain not only |M}?|’ but also the interference 
terms between M})’ and M$? and between M$) and M$)’. Thus the cross-section is 
given, as far as the terms in e°, by the sum 


do = do" + da™ + doraa; (121.4) 


where do” is the cross-section in the first Born approximation (§80), and the 
corrections are 


do =2re M$?) M?* do'/167’, 


doi.g = 2re M$) M$?* do'/167°. (121.5) 
From §80, 


M$) = |el(a'y°u)®(q), (121.6) 


where ®(q) 1s a Fourier component of the scalar potential of the constant external 
field (© = Ay’), and we have used the fact that the electron charge e = — |el. 

The two expressions (121.5) can evidently be calculated independently. The first 
will now be discussed, and the second in §122. 

The second-approximation amplitude is given by the diagram (121.1) as the 
integralt 


=~ 9 { faepyyo at tm ER 
MP=—e | {ay ASM yup) lor -Ho- ps. (121.7 


The “‘4-momenta” q, =f — p and q.= p’'-—f of the constant external field have no 


t Here it is necessary to apply the diagram-technique rule concerning a constant external field; see 
rule 8 in §77. 
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time components. Hence 
for e=e, (121.8) 


where e and e’ are the initial and final electron energies, which in elastic scattering 
are the same. 
In the purely Coulomb field of a stationary charge Ze], 


D(q) = 47 Zlel/q’. 


For this potential the integral (121.7) is logarithmically divergent (when f ~ p and 
f~p’). This divergence is specific to the Coulomb field, and arises from the 
slowness with which the field decreases at large distances. Its origin is most easily 
shown for the non-relativistic case. According to QM (135.8), the coefficient of the 
spherical wave e''"/r in the asymptotic expression for the wave function of an 
electron in a Coulomb field is 


f(@) exp ( - i aa log |p| r). 


This coefficient is also the electron scattering amplitude in the field, and we see that 
its phase includes a term which diverges as r—. When the scattering amplitude is 
expanded in powers of Za, 'this term causes divergence of all the terms in the 
expansion from the second term onwards (since the function f(@) is proportional to 
Za). In the relativistic case there is, of course, a similar situation. 

These arguments also show that the divergent terms must cancel when we 
calculate the scattering cross-section, in which the phase of the amplitude is 
unimportant. The simplest procedure for a correct calculation is to consider first 
the scattering in a screened Coulomb field, putting 


®(q) = 47ZIel/(q? + 8°) (121.9) 


with a small screening constant 6 <|p|. This eliminates the divergence in the 
scattering amplitude, and we can then put 6=0 in the final formula for the 
cross-section. 

Substituting (121.9) in (121.7), we have 


Mj? = - = Z?a?ii(p (ye + m)Ji + y - J] u(p), 
with the notation 


d? 
a | [(p’ — f)’ + 57)[(f — p)’ + 5°[p’ — f° + i0)’ 


pm fd ez ’ ‘ 
J=; '—f) + §][(f- ET ioj = P+ PD 42: 


(p p) + 5°][p 


(121.10) 
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p’ = e«°—m’ =p”, and the integral J is symmetrical in p and p’; from considerations 
of vector symmetry, it is immediately obvious that the vector J must be parallel to 
p+p’. Now, eliminating the matrices y by means of the equations 


yy: pu=(y'e-m)u, 
ii''y A p’ = ii'(y°e = m), 


we obtain 
M $? = = Za?a(p'y'e + Jz) +m(J,—J2)] u(p). (121.11) 


In order to continue the calculations, we change (as in 880) from the bispinor 
amplitudes u and u’ to the three-dimensional spinors w and w’ which correspond to 
them in accordance with (23.9) and (23.11). A direct multiplication gives 


i'u=w'*{(e +m)—(e —m)cos @+iv: o(e —m) sin 6} w, 
a'y°u = w'*{(e +m)+(e—m)cos @-iv: a(e —m) sin 9} w, 


where v=nXn'/sin6, n=p/|p|, n'=p'/|p'|, cos@=n-n’. Then the amplitude 
(121.11) may be writtenT 


M$? = 4rw’*(A? + B? yp - o) w, 
AS ~ shy ZaA{[(c +m)+(e—m)cos 6] e(J,+ J.) + 
(121.12) 
+[(e +m)-—(e —m)cos 6} m(J, — J2)}, 


B® = 5 Z?a(e — m) sin 6(e(J, + Jz) -— mJ, — J). 


The first-approximation scattering amplitude is, in corresponding notation, 


M$) = 4rw’'*(A + BY p- ao) w, 


AO = SS [Ce Lees meNs Or: (121.13) 
BY =~ 23 (e —m) sin 6, 


where q =p’ — p. 
The scattering cross-section and the polarization effects are expressed in terms 
of the quantities A= A" + A® and B = B“” + B® by the formulae derived in QM, 


t The definition of A and B is as in §37 and in QM, §140, and differs by a factor from that in §80. 
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§140. For example, the scattering cross-section for unpolarized electrons is 


do = (\AP + |B/) do’ 
= do +2(A re A® — iB im B®) do’. 


Substitution of (121.12) and (121.13) and straightforward calculation gives 


Zare* 


da = — do! 3 7-- 
7p’ sin’ 70 


(1 —v? sin? 36) re (J, + J.) + (m2/e”) re J, — J2)], 
(121.14) 


where v= p/e is the electron velocity and 6 the scattering angle. The electrons are 
polarized by scattering, and the polarization vector of the final electrons is 


t= 2 re (AB*) : 
~ [AP +|BP 


2(A” re B® oo iB’? im A”) 
~ AMP+ BO : 
or, substituting (121.12) and (121.13), 


, 4Zamp* sin’; 6 cos 36. 
C= et nthe im J) v. (121.15) 


Let us now calculate the integrals J; and J. This is more easily done by using 
the parametrization method (131.2). The integral J, then becomes 


ae ne d*f dé, d& d& 6(1 — & — & ~ 3) 
ui YN | | qe=art ate + [f° — 


+ [(p—f)° + 8°Jé p — i0)&3} 


The integration over dé; eliminates the delta function, and reduction of the 
denominator then gives 
I 1-& 


n=-2[ [ | d°f dé, dé, 
| JJ J {8°Er + &) + pi(2Ei + 26 — 1) ~ 26 (Eip’ + Ep) + F — iO} 


Using in place of f a new variable k = f— é,p'— &.p, we can reduce the integration 
over d’f to the form 


d’k ee 
(k—a?—idy | 4a” 
so that 
1 I-é, 
pes | dé, dé, 
0 


ai {p'(éi + €3 — 2€ — 2, + 1) + 2E Ep - p’ — 8°(E, + &:) — i0P™ 
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Instead of €, and & we use the symmetrical combinations x = €,+ &, y = &— &. 
The integration over dy from 0 to x is elementary, and gives 


l 


J, = x dx 
ar, [bx’— ax + 1 (8')p x = iO — x)= (8px — 10)" 


where 


b =(p' +p: p’)/2p° 
= cos’ 36. 
To calculate the integral over dx as 6-0, we divide the range of integration 


into two parts: 


i 1-5, 1 


focdce [dee [ ae, 1> 5, > 6/lpl. 


0 0 1-5, 


In the first integral we can put 6 = 0; thent 
1-5, 


[ --ax=ayt5 sole ool. 


= l 57 
XI ab [ero 5 + in. 


In the second integral we can put x = 1 everywhere except in the term (1—x)* and 
5 = 0 in the first bracket in the denominator. Thent 


J dre —aig | pepo 


ee | oe 
(-bLS fe*— Op 
Pi 


5/\pl a 
“| amor] 


ee [tog “RL 2s m+ din | 


l—b ) 


t The term i0 arises from the rule for avoiding the singularity, which gives the change in the argument of 
the logarithm between 0 and 1 - 51, namely from 0 to — m as we pass below the branch point. 

¢ Here again the singularity avoidance rule gives the sign of the square root as we go from positive to 
negative values of the radicand. 
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On adding the two integrals, 5, disappears, as it should, leaving 


2Ipl 
= orang oe ( 5 sin 16). (121.16) 


The integral J, is calculated similarly: 


_ i a 
m(1 ~ sin 28) ~~" log sin 10. (121.17) 


ne 4|p[>cos?}@ sin3@ 2\p|> cos’ fa 


We now have only to substitute these expressions in (121.14) and (121.15), 
obtaining as the final results 


a(Za)e 


(2) _ a aac ! 
,_ 2Zam sin? 56 log sin30 
$ - Zerle sin? $6) cos}6 > are) 


(W. A. McKinley and H. Feshbach, 1948; R. H. Dalitz, 1950). 

In the first Born approximation, the electron and positron scattering cross- 
sections are the same (in the same external field); in the second approximation, this 
symmetry does not occur. In the scattering of a positron (charge +l|e]) the 
amplitude of the first approximation (121.6) has the opposite sign, but the sign of 
M$? is unchanged. The cross-section do™, which is the interference term between 
M$) and M}?), therefore changes sign. The same occurs for the expression (121.19) 
for the polarization vector. The formulae for electron scattering are all converted 
to those for positron scattering by the formal change Z —> — Z. 


§ 122. Radiative corrections to electron scattering in an 
external field 


Let us now calculate the radiative corrections to electron scattering in an 
external field (J. Schwinger, 1949). The corresponding part of the scattering 


amplitude is represented by the two diagrams (121.2). The contribution from the 
first of these to the amplitude is 


a: 
- (a yu) 7D p(- q?) - eq), 


where #(-q’) is the polarization operator corresponding to the loop in the 
diagram. The contribution from the second diagram is 


—(ii'A°u)e®(q), 


where A° is the correction term in the vertex operator (I = y“ + A“); according to 
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A= yLf(-q’)- H- — o°” q.g(— 4’). 
Adding the two contributions, we haveT 


Mi = — (i y’Qras _ 


(122.1) 
Qraa(q) = f(-q?)- 1 oe P(—q') +57 ~ g(— q’)q° ¥. | 

Let us first consider the infra-red divergence in the form factor f(—q’) and 

therefore in the scattering amplitude (122.1). It has already been mentioned in §98 

that the exact value of the purely elastic scattering amplitude is zero, i.e. it has no 

meaning. The only physically significant thing is the amplitude of scattering defined 

as a process in which any number of soft photons can be emitted, each having an 

energy less than a specified value w,,,x satisfying the conditions for soft-photon 
emission theory to be valid. That is, only the sum 


Wmax Wmax Omax 


do = doa+ doe dw, + doa 5, | dw., | dw, +--: (122.2) 
0 0 0 


is meaningful, where do,., is the cross-section for scattering without emission of 
photons, and dw, the differential probability for the emission by the electron of a 
photon with frequency w. Here it is assumed that do,, itself is calculated as a 
perturbation-theory series, i.e. aS an expansion in powers of a.¢ Then, on bringing 
together the terms of each order in a in (122.2), we obtain do as an expansion in 
powers of a in which each term is finite. 

In the first Born approximation, do.,~ a’. This term has, of course, an in- 
dependent significance. If, however, the next correction (~a’) to dow is to be 
taken into account, we must also include the second term in the sum (122.2): since 
dw, ~ a, multiplication by do. ~ a’ likewise gives a quantity ~a*. We shall show 
that the infra-red divergence disappears when these two quantities are added. 

The divergent term in the form factor f (117.17) is§ 


—3aF (|q|/2m) log (m/A). 


The corresponding term in the amplitude (122.1) is 


1aF log (m/A)(u'y°u) e®(q), 


t Note that q, = (0, - q) if q* = (0,q), and therefore oq, = — y°q: y. 

+ The need to take account of radiative corrections in the probability dw, is governed by the value 
Of wWmax; the limit w > 0 corresponds to the classical case where the radiative corrections are zero, and so 
the latter can always be made small by taking a sufficiently small wmax. 

§ This expression is easily verified by using the relation 


‘|qiim =(1- )/VE 


between |q| and the variable € in terms of which (117.17) is written. 
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and in the cross-section (121.5) 
doi" = — aF log (m/A)|a' y°ul’|eP(q))? do’/167’. 
Comparing this with the Born cross-section 
do =|ii'y°uPleb(q))* do'/167’, 
we find that 
do" = — aF log (m/A) do. (122.3) 
The second term in (122.2), with f dw, from (120.11), gives 


max 


do. | dw, = aF log (2max/A) da”. (122.4) 


0 


Finally, adding (122.3) and (122.4), we obtain 
— do aF(|q|/2m) log (m/2wmax)- (122.5) 


We see that the divergent contribution from soft (|k| ~ A) virtual photons does 
in fact cancel with that from the emission of real photons of the same kind. A 
similar result occurs in any other scattering process. 

There is also a dependence of the scattering cross-section On wma, resulting 
from the fact that wna, appears in the definition of scattering as a process in which 
any number of soft photons can be emitted. The cross-section for such a process 
will of course decrease with the upper frequency limit wma, for photons whose 
emission we regard as belonging to the scattering process in question. 

Let us now determine the complete radiative correction to the scattering 
cross-section. Proceeding in accordance with the standard rules (see (65.7)), we find 
as the cross-section averaged over the polarizations of the initial electron and 
summed over the polarizations of the final electron 


do = do" + dorad 
= |eD(q))? tr{(yp'+ m)(y° + y°Qraa(yp + M)(y°+ y°Qraa)} do'/327*. (122.6) 


According to (122.1), 


Qaa=atby-gq, Ora = YQisy’ =a-by-a, 


a ee ee 9 oe 
a =f(-q’)-1 qi Fl q’), b=5— g(-q’). 


As far as the terms linear in a and b, the trace in (122.6) is given by 


gtr{---}=2(e?—4q’)(1 + 2a) — 2bmq’. 


§122 Relative Corrections to Electron Scattering 543 


Hence 
! 2 : 
ae 21 fa oe et Cae a tO woe Ge a} do, (122.7) 


where do’ is the Born cross-section (80.5) for the scattering of unpolarized 
electrons, and a subscript A is added to the form factor f in order to show explicitly 
that it is cut off at photon mass A. 

We now have only to add to (122.7) the cross-section for the emission of soft 
photons. If we write f, in the form 


fi(—q?) = 1 —3aF (|q|/2m) log (m/A) + aF2, (122.8) 
then from (120.11) this addition simply means replacing f, in (122.7) by 
fom = 1—3aF (\q|/2m) log (m/2@max) + 20F) + a Fy. (122.9) 


With this change, (122.7) gives the final answer. 
In the non-relativistic limit we havet 


2 
ones 1-24, (logs +53). q <m’, (122.10) 


The particular form of the external field appears in the radiative correction to 
the cross-section only through do”; the factor in the braces in (122.7) is universal. 
In the non-relativistic approximation, 


2 
dora = - do” 22 4, (log +5), gq’ <m’, (122.11) 


which includes contributions from all the terms in (122.7). In the opposite (ultra- 
relativistic) limit, the main contribution comes only from the term inf, — 1: 


2 
dona = — do" - “8 log A, log aa q? > m?. (122.12) 


Finally, tt may be noted that the radiative corrections considered here do not 
cause any additional polarization effects that are not present in the first Born 
approximation (unlike the corrections of the second Born apyroximation, discussed 
in §121). The reason is that the particular features of the first Born approximation 
are ultimately due to the fact that the S-matrix is Hermitian. This property is 
maintained even when the radiative corrections described above are taken into 


t This differs from the non-relativistic formula (117.20) by the change 


log r > log 2wWmax aes . 
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account, since in this approximation there are no real intermediate states in the 
scattering channel (and so the right-hand side of the unitarity relation is zero).t 


§ 123. Radiative shift of atomic levels 


The radiative corrections cause a shift of the energy levels of bound states of an 
electron in an external field, called the Lamb shift. The most interesting case of this 
kind is that of a hydrogen atom (or hydrogen-like ion). 

A consistent method of finding the energy-level corrections is based on the use 
of the exact electron propagator in an external field (§109). But, if 


Za <1, (123.1) 


it is possible to use a simpler procedure in which the external field is regarded as a 
perturbation. 

In the first approximation with respect to the external field, the radiative 
correction in the interaction between an electron and a constant electric field is 
described by the two diagrams (121.2) already used in connection with the problem 
of electron scattering in such a field; the change from one problem to the other 
needs no more than a simple reformulation (see below). 

However, it is easily seen that this treatment can give only the part of the level 
shift that is due to the interaction with virtual photons of sufficiently high 
frequency. Let us consider, for example, the next radiative correction (as regards 
order with respect to the external field) to the electron scattering amplitude: 


(123.2) 


(unlike (121.2b), this diagram contains two external-field vertices). In the range of 
integration over d‘k where ky is sufficiently large, this correction involves an extra 
power of Za, and is therefore unimportant. But the addition of a second external- 
field vertex to the diagram also brings in a further electron propagator G(f). When 


t The calculation of the radiative corrections for processes which appear only in the second 
approximation of perturbation theory is considerably more laborious, and will not be given here. We shall 
simply list some references: L. M. Brown and R: P. Feynman, Physical Review 85, 231, 1952 (radiative 
corrections to photon scattering by an electron); I. Harris and L. M. Brown, ibid, 105, 1656, 1957 (r.c. toa 
two-photon pair-annihilation); M. L. G. Redhead, Proceedings of the Royal Society A220, 219, 1953, and R. 
V. Polovin, Soviet Physics JETP 4, 385, 1957 (r.c. to electron scattering by an electron or a positron); P. I. 
Fomin, ibid. 8, 491, 1959 (r.c. to bremsstrahlung). 

+ The shift of the hydrogen levels was first calculated by H. A. Bethe (1947) with logarithmic accuracy, 
using a non-relativistic treatment; this work provided the initial stimulus for the whole subsequent 
development of quantum electrodynamics. The difference between the 25,2 and 2pj;2 levels (in the first 
non-vanishing approximation of perturbation theory) was exactly calculated by N. M. Kroll and W. E. 
Lamb (1949); the complete formula for the level shift is due to V. F. Weisskopf and J. B. French (1949). 


§123 Radiative Shift of Atomic Levels 545 


k is small, and the free ends p and p’ are non-relativistic, the important values of 
the virtual-electron momenta f are those close to the pole of the propagator G(f). 
The small denominator which thus occurs cancels the extra small factor Za. The 
same evidently applies to the corrections of all orders with respect to the external 
field. Thus, at low frequencies of the virtual photons, the external field must be 
taken into account exactly. | 

We can divide the required level shiftt 5E, into two parts: 


5E, = E+ 6E%, (123.3) 


which originate from the interaction with virtual photons having frequencies in the 
ranges (I) ky) > « and (II) ky) <x; « is chosen so that 


(Zam <x <m, (123.4) 


where Z’a’m is of the same order as the binding energy of the electron in the 
atom. Then, in region I, it is sufficient to take account of the nuclear field in the first 
approximation. In region II, the nuclear field must be treated exactly, but on the 
other hand, since xk <m, we can solve the problem in the non-relativistic ap- 
proximation—not only as regards the electron itself, but for all the intermediate 
states. With the condition (123.4), the ranges of validity of the two methods of 
calculation overlap, and it is therefore possible to make an exact “joining” of the 
two parts of the level correction. 


THE HIGH-FREQUENCY PART OF THE SHIFT 


Let us first consider region I. Here it is possible to use the correction (122.1) to 
the scattering amplitude, after removing the contribution of the virtual photons 
which pertain to region II. These make only a small contribution to the form factor 
g, which therefore can be left unaltered. The low-frequency virtual photons make a 
large contribution to f, however, because of the infra-red divergence. Thus f in 
(122.1) must be taken as a function f, from which the region kyj<« has been 
excluded. 

This could be done directly by subtracting from f the integral over the region 
ky <x, but the required result can be obtained without fresh calculations by using 
the results of §122. To do so, we note that the exclusion of frequencies ky< « can 
be regarded as one possible type of infra-red cut-off. The result for the correction 
to the scattering cross-section must, of course, be independent of the cut-off used, 
provided that the real soft photon emission probability is cut off in the same way, 
i.e. the concept of “elastic” scattering includes the emission only of photons with 
frequencies from «x to the specified wma. If we take wmax = k, there is no need to 
take explicit account of the photon emission. Hence we see that f, is obtained from 
the f,.. determined in §122 by simply replacing w,,, by «. In particular, in the 


t In this section, E, denotes the energy of an electron in an atom, not including its rest energy. The 
suffix s stands for all the quantum numbers which define the. state of the atom. 
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non-relativistic case 


2 
ee ene | m 4) 
(eA £4, (log m4). (123.5) 


7 


Let us now transform the correction (122.1) to the scattering amplitude by 
representing it as the result of a corresponding correction to the effective potential 
energy of the electron in the field. Comparing the amplitude (122.1) 


— €(U'* QragPu) 
with the Born scattering amplitude (121.6) 
—e(u'*®Pu), 


we see that the correction is given (in the momentum representation) by the 
function 


e5P(q) = eQras(q) P(q). (123.6) 


In the non-relativistic case, taking PA and g from (113.14) and (117.20), and 
substituting f, from (123.5) for f, we get 


soya [8 (oer) st a yaw. a7 


The corresponding function 6@(r) in the coordinate representation ist 


-ii 
5(r) = zor (log fe + 7 - 3) Abr) - ig*_ y - Voir), (123.8) 


The level shift 5E? is found by averaging e5®(r) over the wave function of the 
unperturbed state of the electron in the atom, i.e. as the corresponding diagonal 
matrix element: 


11 
() 1 _i = 
5E‘ 7 (log = +5 5 )(s|AIs) 


(123.9) 


In the first term, the non-relativistic electron function suffices for the averaging. 


+t Note that this correction to the potential is not the same as the one discussed in §114, which 
included only the effect of the vacuum polarization (diagram (121.2a)) on the Coulomb field as such. The 
correction (123.8) relates to the interaction of the field with the electron, and includes also the effect of a 
change in the motion of the electron (diagram (121 .2b)). 

t+ Strictly speaking, the form factors determined in §117 related to the vertex operator with two 
external electron lines (p’ = p” =m’). For an electron in an atom, the energy E, is a level which is 
unrelated to p. The distinction may, however, be neglected in region I. 
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In the second term, this approximation is insufficient: the zero-order approximation 
with respect to the non-relativistic functions is zero on account of the absence of 
diagonal elements in the matrices y. Here, therefore, we must use the approximate 
relativistic function 


derived in §33, retaining the components y which are small (in the standard 
representation). We have 


p*yb = b* ax — x* od 


and, substituting from (33.4) 


we get, using the identity (33.5) and integrating by parts, 
(sly VOls)=— 5+ | {o*(o - VOYXo V4) +(VO* No - VO} d?x 
5 | (bao: $ —2io - 6*[V x V4]} d°x. 


Since ® = P(r), 


_rd® 
eae 
and hence 
, _1do 
io VOI ar” 1, 
where 1=~—irxV is the orbital angular momentum operator. Finally, bringing 


together the expressions obtained and substituting in (123.9), we have 


3 3 
Drace m a) e ( .yid® } 
dE; Som (low se + 35 (s|A®|s)+ 73 SiC LaF S), (123.10) 


in which the averaging is over the non-relativistic wave function in both terms. 


THE LOW-FREQUENCY PART OF THE SHIFT 


In order to calculate the second part of the level shift, we use a technique based 
ultimately on the unitarity condition. 


Since a photon can be emitted, the excited state of the atom is not strictly 
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stationary, but only quasi-stationary. . complex energy value can be assigned to 
such a state, its imaginary part being — 4w if w is the decay probability of the state, 
in this case the total photon emission probability (see QM, §134). In the non- 
relativistic approximation there is dipole radiation, and from (45.7) 


im dE, = tw, a7, 3 > \d.<"CE; = E,), 


where the summation is over all the lower levels (E, < E,), or, equivalently, 
im 5E, = —§ dw - > |d..(E, — Es)’8(E, — Ey — @). (123.11) 
4 § 


In order to find the real part of 5E,, we must regard E, as a complex variable 
and use analytical continuation. This may be done by treating the delta functions as 
originating from poles. The rule for the avoidance of poles is, as usual, specified by 
adding a negative imaginary part to the masses of the virtual particles—in this case, 
to the masses m, of the electron in the intermediate states of the atom. These are 
m,=m+E,, and so we must put 


E,. = E,: = iO, 
whence 


l 


1 
5(E, — — E,. T@)= — Tim FF ar i0° 


(123.12) 


cf. (111.3). 
Thus, substituting (123.12) in (123.11), we find 


(E, _ E,y 


i 2 2__ (E,- Ey 
im 5E, = im ~ | de » ld..°| E-E.n aw +10" 
0 


The required analytical continuation is now obtained by simply omitting the symbol 
im, but we must take from 5E, only the part due to the contribution from 
frequencies in region II (w <x). To do so, we need only replace the upper limit of 

integration by «. The result of the integration is | 


2 
SEO = = > ld,.|°(Es — E,)° log RoE (123.13) 


because of the inequality (123.4), the difference E, — E, is neglected in comparison 
with «x at the upper limit. We shall henceforward be concerned only with the real 
part of the level, which is obtained i using «/|E,—E,| as the argument of the 
logarithm in (123.13). 
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In the expression (123.13), the term in log x can be transformed by replacing the 
matrix elements of the dipole moment d= er by those of the momentum p= mv 
and its derivative p: 


e2 


2 ld.5(°CEs: — Be y° =e, m 2 \pss (Es = F,) 


ie’ 


= Im = {(p)ss° *Ds's — Dss’ * (p)s's}. 


Now replacing p in accordance with the operator equation of motion of 
the electron, p= — eV®, we get 
3 
ie 
2, |dss["(Es — Es)’ = ~ Fo DV )ss* Dos — Pas (VO) os} 


ie? 


=5,3(s|p VP — VO - pls) 


e 


Sm? S|AP|s). (123.14) 

We can therefore write instead of (123.13) 

SEG? = ee (s|A®|s) log alg 
*  -:3arm m 
2e? 2 3 m 
+ 2 > Irss' (E, — E,) log 2\E, = E,| (123.15) 
THE TOTAL SHIFT 

Finally, adding the two parts, we have the following formula for the level shift: 


_ 2e 2 3 mM 
6B, = 3S ral Be ED oe gg e+ 


e 19 _@ 1d®|_\. 
+a B(slaels) = 724 (slot 2 s); (123.16) 


as was to be expected, the auxiliary quantity «x does not appear.t 

All the matrix elements in (123.16) are taken with respect to the non-relativistic 
wave functions of the electron in the atom. For a hydrogen atom or a hydrogen-like 
ion, these functions depend only on three quantum numbers: the principal quantum 
number n, the orbital angular momentum | and its component m, but not on the 


+ The determination of the next-order corrections in the level shift involves very complicated 
calculations. The most complete tabulation and a systematic derivation of the corrections, together with 
further references, are given by G. W. Erickson and D. R. Yennie, Annals of Physics 35, 271, 447, 1965. 
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total angular momentum j; the corresponding energy levels depend on n only. We 
shall use the notationt 


3 2\2 
_ n Poe 2 oe aes: m(Ze ) 
La ae Im(Zey = \(n I'm |r|nlm)| (E,, E,) log 2)En — En| E,| (123.17). 


The energy levels are proportional to (Ze’)’, and the characteristic dimension of the 
atom is proportional to Ze’, so that the L,, defined by (123.17) are independent of 
Z. They can be calculated numerically. 
We shall take separately the cases |! =0 and |~ 0. When | = 0, the last term in 
(123.16) is zero. In the second term, we use the equation 
eA® = 4nZe’S(r), 
which is satisfied by the potential of the Coulomb field of the nucleus. Hence 


(nlm|A®|nlm) = 47Ze?| bam (0)! 
7 nen: (1 = 0) 
0 (I ¥ 0) 


(cf. (34.3)). In the first term, with the notation (123.17) and again using (123.14), 
2 [{n'l'm'jr|n00)/*( Ey — En)’ = 373 (n00[A|n00) 


= 2m(Ze’)‘/n’. 


This gives the following expression for the shift of the s terms (in ordinary units): 


_ 4mc?Z*a° 1 19 
6Eno = 37 [log a+ Ino + 35 | | (123.18) 


The numerical values of some of the Lyo are: 


n 1 Z 3 4 00 
Lao —2.984 —2.812 —2.768 -—2.750 —2.721 


The unperturbed levels are E, = — mc*(Za)*/2n’, and so the relative magnitude of 
the radiative shift is 


|SEno/ Eno| ~ Z7a° log (1/Za). (123.19) 


When | ~ 0, the second term in (123.16) is zero. The third term can be calculated 


¢ The matrix elements of r are diagonal in j and independent of j; the summation over s in (123.16) 


therefore reduces to summation over n, | and m. Because of the isotropy of space, the sum (123.17) is also, of 
course, independent of m. 
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by means of the formulae in §34, and leads to a dependence of the level shift on the 
number j also. The result is 


_ 4mc’?Z‘a° 3jG+1I)-l+1)-3 
BE = | ite Td+DQi+1) F ee ia 


Thus the radiative shift removes the last degeneracy which remains after the 
spin-orbit interaction has been taken into account, namely the degeneracy of levels 
having the same n and j but different | = j +3. For example, the numerical value of 
L2, is + 0.030, and formulae (123.18)-(123.20) give as the difference of the 25,,. and 
2Pi2 levels of the hydrogen atom 


= 25 
F012) — Era = 0.41mce'a’, 


corresponding to a frequency of 1050 MHz. 


§ 124. Radiative shift of qiesi@-atou levels 


At the end of §118 the electron vacuum polarization has been shown to play an 
important role in the (second-approximation) radiative correction to the magnetic 
moment of the muon. This still more true (and even in the first approximation) as 
regards the radiative level shift in «-mesic hydrogen, a hydrogen-like system 
consisting of a proton and a muon (A. D. Galanin and I. Ya. Pomeranchuk, 1952). 

In calculating the level shift for an ordinary atom in §123, we took account, in 
particular, of the electron vacuum polarization effect (the electron loop in the 
diagram (121.2a)). If the muon vacuum polarization effect is similarly treated in the 
mesic atom, the entire calculation can be applied to this case, simply replacing the 
electron mass m = m, by the muon mass m,. Since the relative shift (123.19) of the 
levels does not depend on the electron mass, the same result is obtained for mesic 
hydrogen. 

It is easily seen that the electron vacuum polarization has a much stronger 
effect on the level shift in the mesic atom, because the replacement of the muon 
loop in the diagram by an electron loop implies the replacement of the muon 
polarization operator by the electron polarization operator; and the polarization 
operator (q’*) is inversely proportional to the square of the particle mass for 
non-relativistic values of q*. Hence the change mentioned must increase the effect 
by a factor (m,/m,)’, and it is this contribution which determines the order of 
magnitude of the level shift: 


5E/|E| ~ a*(m,/m.)’, 


or four orders of magnitude greater than in ordinary hydrogen.t The origin of this 
effect can be more clearly seen by noting that the distortion of the Coulomb 


t For a similar reason, the contribution of the muon vacuum polarization to the level shift in the 
ordinary hydrogen atom is, conversely, negligible. 
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potential by the electron vacuum polarization extends to distances ~ 1/m, (§114). 
In the ordinary hydrogen atom the electron is at distances from the nucleus that are 
of the order of 1/m-.a, i.e. outside the main region of field distortion, but in mesic 
hydrogen the muon is at distances ~ 1/m,a which are in this region. 

To calculate precisely the level shift in the mesic atom, however, it is not 
possible to use the approximate non-relativistic expression for the polarization 
operator, as was done when using (123.7) to find the level shift in the ordinary 
atom. The reason is that the characteristic momenta of the muon in the mesic 
hydrogen atom are |p,|~ am,. For the muon these momenta are non-relativistic, 
but for the electron they are relativistic. 

We must therefore use the full relativistic formula (114.5) for the effective 
potential of the nuclear field as modified by the electron vacuum polarization. The 
level shift is found by averaging over the wave function of the muon in the atom: 


eae | In ?8(r) dx 
=-—|e| | R2(r)6@(r)r’ dr, (124.1) 
0 


where R,, is the radial part of the (non-relativistic) Coulomb wave function. For a 
hydrogen-like ion with nuclear charge Zle|, the functions R,,(r) depend on r only 
through the dimensionless combination p = Zam,r (the distance in Coulomb units). 
Using this fact and substituting 5(r) from (114.5) (with the charge Zle| in place of 
e,), we can bring the integral (124.1) to the form 


SEq = — = Za?m,Qn(m./Zam,), (124.2) 


where 


2uts)= [nde f Rito + sn) EY ay 


The first few levels of mesic hydrogen are shown by numerical evaluation to have 
the following relative shifts: 
SE yo/|E yo =-—-6.4~x 1073, 
SE 29/|Ex9| re 2.8X 10°4, 
§E>,/|E2,| = —2.0x 10°, 
8125. The relativistic equation for bound states 
The method used in the preceding sections to calculate the radiative shift of the 


atomic levels is not valid for solving a problem such as that of determining the 
corrections to the levels of positronium, a system consisting of two particles of 
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equal rank, neither of which can be regarded as the source of the external field 
acting on the other. 

The systematic procedure for solving this problem is based on the fact that the 
energy levels of the bound states are poles of the exact amplitude of mutual 
scattering of these two particles, as a function of their total energy in the 
centre-of-mass system. In any of its discrete states, positronium may be regarded 
as an ‘intermediate particle’’ having a definite mass, which can be formed as a 
stage in the electron—-positron scattering process, and a pole of the scattering 
amplitude corresponds to each ‘‘one-particle” intermediate state; these poles of 
course lie in the non-physical region of 4-momenta of the particles undergoing 
scattering. 

According to (106.17), the exact scattering amplitude comprises the exact 
four-ended vertex part 'xjm and the polarization amplitudes u of the particles. The 
latter are clearly unconnected with the pole singularities, and it is therefore more 
convenient to ignore them, referring instead to the poles of the vertex part itself, 
i.e. of the function 


LD ik,im(p +, — p+; P-» — P+); (125.1) 


where the notation for the 4-momenta of the external lines of the diagram (106.12) 
corresponds to the scattering of a positron by an electron. 

It should be stressed that the assertion that poles are present refers to the exact 
scattering amplitude or the exact vertex part; there is no pole in any separate term 
of the perturbation-theory series, as can be seen from the fact that the Feynman 
diagrams in each approximation include only electron (and photon) lines, not lines 
belonging to the composite particle positronium as a whole. Hence it follows in 
turn that the calculation of the scattering amplitude near its poles involves 
summation of an infinite series of diagrams. The diagrams concerned can be 
determined as follows. 

‘In the first non-vanishing approximation of perturbation theory (the first ap- 
proximation with respect to a), the vertex part (125.1) corresponds to two second- 
order diagrams: 


me ~P, p- 
- NZ (125.2) 


} P=P_ fp-+P. 
eee oe aaa er 
a b 
or, in analytical form, 
Picim = — Cyt yimDy(p-— p) + e?ytnyiiDu.(p- + p+). (125.3) 


In the next approximation (the second with respect to a) there are ten 
fourth-order diagrams: 
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q-p: | Ip-q l i 
aN ! ae 
—Pp, Py YF Se, -P, » 
Cc 
a ro , 
b 
(125.4) 
pe p- p- p- 


and a further five diagrams obtained from (125.4) by interchanging p_ and — p. All 
these include an extra power of e?=a in comparison with (125.2), but we shall 
show that in diagram (a) this extra order of smallness is cancelled by a denominator 
which is also small when the electron and positron momenta are small. 

All quantities will be taken in the centre-of-mass system, but, since the 
4-momenta of the external lines in the diagrams are not assumed to be physical (i.e. 
p’ ¥ m*), e. ~ e- in this system, although p, = — p_. Thus these 4-momenta are 


p-=(e-,p), P+ =(€+,- Pp), 
p-=(e-,p’) p+=(e+,~p), (125.5) 
e_teé,=eE_+ €4. 
The binding energy of the electron and the positron in positronium is ~ ma’. Thus, 
in the neighbourhood of the scattering-amplitude poles, with which we are con- 


cerned, 


[p| ~ |p'| ~ ma <m, 
le. - m|~ |e, —m|~ p’/m ~ ma’,... (125.6) 


The contribution to the vertex part from the diagram (125.4a) is 


rn, = — ie! | (y"G(q)y")aly’G(q — p-— py” )am X 
x Dip(Q - p!)Dyo(p-— q) d4qh(27y (125.7) 


The important range of values of q* = (qo, q) in the integral (125.7) is that which is 
close to poles of both functions G simultaneously. In this range, |q| and |qo— m| are 
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small, and the electron propagators are 


= ‘ +m i | 
Gq)s= ee do7 ¥ ; = 3(y?+ 1) —,| 
+m —m)-—a‘+id —m —(q‘/2m)+i0 
(do (Go )-q if (q ) (125.8) 
ose = a Af 0 
AG Pe" Pe) = ay =) Go-&-—€,+m + (q?/2m) — i0” 


The poles of these two expressions are on opposite sides of the real axis of the 
complex variable qo; closing the path of integration along this axis by a contour in the 


upper half-plane (say), we can calculate the integral over dqo from the residue at the 
corresponding pole.t The result is 


pao ~ e‘ | d*q 
f bi 
(q ~ p!)(p_-— q)'(Qm — e-— 4 + q’/m) 


and so, using (125.6), we have in order of magnitude 


3 
ma) i 

po) aad a? ( = 

(ma)* ma? ma 


The contribution to [ from the second-order diagram (125.2a) (the first term in 
(125.3)) is of the same order, and this proves the statement made above about the | 
order of smallness of the diagram (125.4a). A similar situation occurs in all higher 
approximations of perturbation theory. , 

Thus the calculation of the relevant vertex part near its poles calls for the 
summation of an infinite succession of ‘anomalously large’ diagrams with inter- 
mediate states resembling the internal lines of (125.4a). A typical property of these 
diagrams is that they can be cut between the ends p_, — p. and p!,— p; into parts 
joined only by two electron lines.t The set of all diagrams which do not satisfy this 
condition will be called a ““compact”’ vertex part and denoted by Pais since it does 
not include the anomalously large diagrams, such quantities can be calculated by 
ordinary perturbation theory. For example, in the first approximation I is given by 
the two second-order diagrams (125.2), and in the second approximation by the 
eight fourth-order diagrams in (125.4), excluding diagrams (a) and (b). 

If the non-compact vertex parts are classified according to the number of 
“double bonds’’, we can represent the total T as an infinite series: 


Bs @pc@ecectscecectast. 


where the continuous thick internal lines are exact propagators %; this is often’ 


1 For the diagram (125.4c), which differs from (125.4a) only as regards the relative direction of the 
electron lines, both poles would be on the same side of the real axis, and so the integral would be zero in 
the approximation considered. 


+ This definition includes all the anomalously large diagrams and also some ‘“‘normal” diagrams such 
as (125.4b). . 
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called a ‘‘ladder”’ series. To sum the series, we “‘multiply” it on the left by a further 


Comparison with the original series (125.9) shows that 


| od q Pp. P-, p- Pp. p_ 
joe ; cA pot (125.10) 
-p q-P-P_ ~ Py ~P; =P, = Pe ~P, | 


This graphical equation corresponds to the integral equation 
iTikim(P.,— p+; P-»— p+) = il nim(D -, — P+3 P-»— Ps) + 
+ | Virsm(P!, @ — Pt — P'3 4s — D1) Gq) Gue(q — pi — Pp!) x 
X Pixin(Q, — P+3 P-» q — p+ — p) d*q/(27)*. (125.11) 


The functions If and @ are calculated by perturbation theory, and equation (125.11) 
then allows, in principle, the determination of I’ with any desired accuracy. 

To find the energy levels, we need to know only the positions of the poles of I. 
Near the poles, [ >I, and so the first term on the right of (125.11) (the second 
diagram from the right in (125.10)) may be neglected, the equation then becoming 
homogeneous in I’. The variables p,., p- and the indices k and | become parameters, 
the dependence on which is arbitrary and is not defined by the equation itself. 
Omitting these parameters and also the primes in the remaining variables p;, p!, we 
have 


iT .m(p-3— P+) = | V'i-sm(P-» q — P+ — D-3 Q, ~ D+) Get(Q) X 


X Gair(q — p+ — P-)Pin(Q3 q — p+ — p-) d*qi(27) (125.12) 


(E. E. Salpeter and H. A. Bethe, 1951). 

Equation (125.12), written in the centre-of-mass system (p, + p- = 0), has solu- 
tions only for certain values of €,+e-, and these give the positronium energy 
levels. The function I, plays only an auxiliary role. Another function is more 
convenient in practice: 


Xsr(P1, P2) = Gu (PP .n(P13 D2) Gar (D2). (125.13) 


+ That is, we multiply each term in the series by fF and two %, and integrate appropriately over the 
4-momenta of the new internal bonds. 
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Then equation (125.12) becomes 
i(S-'(p_)x(p-, — p»)G""(— ps im 


= | Ti-sm(P -> q — P+— P-, Gq, — P+)Xsr(q, q — P+— p-) d‘q|(27)', (125.14) 


where I appears as the kernel of an integral operator. As already mentioned, I may 
be calculated by perturbation theory, and the same is of course true of 47". 

We shall show that, in the first approximation of perturbation theory (with 
respect to a), (125.14) reduces, as we should expect, to the non-relativistic 
Schrédinger’s equation for positronium. 

In the first non-relativistic approximation, [ is determined by the diagram 
(125.2a) alone; the annihilation-type diagram (125.2b) is zero in this ap- 
proximation.t For a similar reason to that in §83, it is convenient to take the photon 
propagator in the Coulomb gauge (76.12), (76.13), and only Do need be retained in 


it. Then 
l,sm(D-, Q — P+ — P-3 q, — P+) = — e’y kh ¥rm Doo — P-) 
= — U(q- p-)Yis Yim, 
where 


U (q) = — 47e2/q° 


is the Fourier component of the potential energy of the Coulomb interaction 
between the positron and the electron. Equation (125.14) becomes 


iXim(p-, _ p+) 


= [Gir | U(a-p-)x(@. 4 ~ Pe PGE ¥°G(- p-)] , (125.15) 


. 


where we have also replaced the exact propagators @ by the free-electron pro- 
pagators G. The latter are given by the approximate expression (cf. (125.8)) 


G(p-)~21(1+ yg(p-), G(— ps) =2(1— y)g(p,), 
where the matrix factors have been separated, and g(p) is the scalar function 


= I 
g(p) Ee —m—(@iam)+i0 (125.16) 


In substituting these expressions in (125.15), we note that all the non-zero matrix 


t The particle velocities in positronium are such that v/c ~ a. In this sense the expansions in powers 
of a and of I/c are interrelated. 
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elements 
G+ y)yoxy? 2 — yim = GCy? + Dx -3(y° = 1) Jim 


are equal to the elements — yim. The matrix equation (125.15) is therefore equivalent 
to one for the scalar function 


ND pi) == a(p-da(p-) | U(q- p-)x(q, q — p+— p-) d*qi(27)*. (125.17) 
We now replace p, and p- by the variables 
p =(e,p)=2(p-— ps), P=p-+ps; 
these are the 4-momentum of the relative motion of the particles and that of the 
positronium as a whole. In the centre-of-mass system, P =(E+2m,0), where 


E+2m is the total energy, and E therefore the energy level relative to the rest 
mass. In terms of these variables, (125.17) becomes 


ix(p, P) = —g(p +4P)g(—p +4P) | U(q-p-)x(q—1P, P) d‘q/(27)* 
=~ g(p +4P)g(—p +4P) | U(q'— p)x(q’. P) d‘q'l(27y* 


In this equation, P occurs only as a parameter, and y figures on the right-hand side 
only as the integral 


W(q) = | x(q, P) dao. 


Integrating both sides of the equation over de, we get an equation for w& in a closed 
form: 


| 3 
W(p) = ~ 5 i g(p +2P)g(-p +4P) de | U@-pw@ 54 


where 


1 
1 — 
sh a. +e +}E —(p'/2m)+ i0 


If the path of integration over de is closed by a contour in the upper half-plane 
(say) of the complex variable e, we can evaluate the integral from the residue at the 
corresponding pole, obtaining 


2 3 
(E-E)u@)+ | Ue-au@ 54 =0. (125.18) 


This is Schrédinger’s equation for positronium in the momentum representation; 
see QM, (130.4). 
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If only the diagrams (125.2) were used in I’, but including in them (and in @) the 
next terms in the expansion in powers of 1/c, we should arrive at Breit’s equation 
(§83). The inclusion of the diagrams (125.4) (together with the further terms in the 
expansion in 1/c) gives the radiative corrections to the positronium levels, but the 
calculations become very complicated. 

The following is the difference between the ground levels of ortho- and 
para-positronium, including the above-mentioned corrections:t 


117/16 | 
ECS) — E('So) = a? ey z- (P+ log 2) *— tia; (125.19) 


the first term in the braces is the fine splitting (see §84, Problem 2). The second term 
is the radiative correction to the difference between the levels. The imaginary part 
of the difference arises from the parapositronium annihilation probability (see 
(89.4)), ie. from the fact that the level 'Sy is complex; for parapositronium, the 
level width is found to be of the same order as the radiative correction to the real 
part of the level. 


§ 126. The double dispersion relation 


After the vertex part with three external lines, the next in order of complexity is 
a section with four external lines. In quantum electrodynamics, three basic 
diagrams of this type are possible: 


\. i oe _ 
LI (126.1) 
a N 7 _ 
a is . b c 


The first describes the scattering of a photon by a photon; the others are individual 
terms in the radiative corrections to the scattering of (b) a photon and (c) an 
electron, by an electron. 

This §126 deals with some general properties of such diagrams, but to be simple 
and specific we shall refer only to (126. 1a). 

The momenta of the lines in such a diagram will be denoted as follows: 


k= kkk, k, 
\ / 
LZ 
q—k, q-k; (126.2) 
J krk: \ 
Kf Nk, 


+t R. Karplus and A. Klein, Physical Review 87, 848, 1952. 
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The 4-momenta k,, k2, k3, ks correspond to real photons, and their squares are 
therefore zero. 

If the dependence on the photon polarizations is written separately, the am- 
plitude M,; which corresponds to the diagram (126.2) can be expressed in terms of 
various scalar functions of the photon 4-momenta. These are the invariant am- 
plitudes discussed in §70; they will be derived in §127 for the specific case of 
photon—photon scattering. Being scalars, they depend only on scalar variables, 
which may be taken as, for example, any two of the quantities 


= (k, am k,)’, t= (k, a k3)’, u= (k, = k,)’, s+t+tt+u= 0; (126.3) 


in what follows we shall take s and t as independent variables. 
Each of the invariant amplitudes, which will be denoted here by the same letter 
M, can be written as an integral: 


Ve | iB d*q 
[q?— mq — ka) — m7 ]L(q — ki — kay’ — mq — kx’ — mY (126.4) 


m’-—> m’— iO, 


where B is some function of all the 4-momenta; the factors in the denominator 
arise from the propagators of the four virtual electrons. 

When s and t¢ are sufficiently small, the amplitudes M are real (more precisely, 
they can be made real by a suitable choice of the phase factor), since if s is small 
the photons cannot generate real particles (an electron—positron pair) in the s 
channel, and if t is small the same applies to the t channel.t Thus neither channel 
has real intermediate states which could, according to the unitarity condition, lead 
to an imaginary part of the amplitude. 

Now let s increase while t remains at a fixed small value. When s =4m’, the 
amplitude M has an imaginary part due to the possibility of pair production by two 
photons in the s channel. We can therefore write for M a dispersion relation in the 
variable s: 


Po) 


_1 f{ Ars(s',t) ., 
M(s, t) = — Pret ad (126.5) 


4m 


where A,,(s, t) denotes the imaginary part of M(s, t). 
As in any diagram having the form 


k, 9 k, 


t The directions of the external lines as shown in the diagram (126.2) correspond to the s channel. In 
the ¢ channel, lines 1 and 3 are incoming, and so the 4-momenta of the initial photons are k, and — ks. 
The physical regions for photon-photon scattering in the variables s, t, u are the shaded sectors in Fig. 8 
(§67). For example, the s channel corresponds to the region s >0, t <0, u <0. 
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Ais(s, t) is calculated by the rule (115.9), replacing the pole factors in the integral 
(126.4) by delta functions: 


. = 2 [ 1B5(q* — m*)8[(q — ki — kx)’ — m’] 
2iA,(s, t) = ni) | ck omag km ae: (126.6) 


the integration is taken over the half of q-space in which q°> 0. 

An important further step can be taken by noting that the integral (126.6) has a 
structure (of pole factors) similar to that of the amplitude for a reaction represen- 
ted by a diagram having the form 


k; q-k, k, 


The analytical properties of A,,(s, ft) as a function of t are therefore similar to the 
analytical properties of. this amplitude. In particular, the function A,,(s,t) can 
acquire an imaginary part (as t increases) only if both factors in the denominator 
become zero simultaneously. This will not, however, occur as soon as t reaches the 
value 4m’ which is the threshold for pair production in the t channel. The reason is 
that the presence of the delta functions in the integrand restricts the region of 
integration in q-space, which may be incompatible with the value t = 4m’. The 
extent of the region of integration depends on s (the arguments of the delta 
functions contain k, and k), and therefore so does the limiting value t = t,.(s) 
beyond which A,,(s, t) becomes complex. 

In the same way as M(s, t) is expressed in terms of its imaginary part Ai,(s, t) 
by (126.5), the function Aj;,(s,t) is in turn expressed in terms of A ,(s,t)=im 
A.,(s, t) by a dispersion relation in the variable t: 


a AS, t') t 
Ais(s, t) = — | ne tt (126.7) 


t.(s) 


If we now substitute (126.7) in (126.5), we get the double dispersion relation or 
Mandelstam representation for the amplitude M(s, t): 


an l As’, t') ’ ’ 
M(s,t)=-y | Reeves eres ta ds (126.8) 


4m? 1,(s) 


(S. Mandelstam, 1958). 

The function A2(s, t) is called the double spectral density of M(s,t). It can be 
obtained from the integral (126.6) by twice applying the substitution rule (115.9). 
Putting for brevity 


h=q, h=q-k, b=q-k, b=q-ki-k, (126.9) 
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we have 


(2i)’A(s, t) = Qniyt | iBS(1j — m*)8(15 — m’)8 (15 — m’)8(13 — m?’) d‘q, 
(126.10) 


the integration being taken over the region q°>0. 

It should be noted, however, that formula (126.10) is purely symbolic, since the 
region s >Q, t >0 is non-physical, and accordingly |), l2,... are in general complex 
in this region when q is real; and the delta function is not fully defined for a 
complex argument. It would be more accurate to refer immediately to the taking of 
residues at the corresponding poles of the original integral (126.4). In our case this 
is, however, of no importance. The condition for the four expressions in the 
denominator in (126.4), or the four arguments of the delta functions, to be zero, 
entirely determines the components of the 4-vector gq. On changing to integration 
with respect to lj, 13,... (see below) and formally applying the usual rules to 
(126.10), we obtain (apart from the sign) the expression for Aj. 

To continue the calculations, we use the centre-of-mass system (in the s 
channel). Then 


ki =(,k), k2=(w,—k), ks=(0,k’), ky =(o,—k), (126.11) 


s=4w?, t=-—(k—-kyY=-— 4’ sin’ 40, 


u =—(k+k’y’ = —4w’ cos? 40, 


(126.12) 


where @ is the angle between k and k’ (the scattering angle). The x-axis of spatial 
Cartesian coordinates is taken along the vector k +k’, and the y-axis along k —k’.T 

We shall now transform the integral (126.10) by taking 17, I5,... as new variables 
of integration in place of the four components of q. Then 


a(li)/aq* =2h,,..., 
and the Jacobian of the transformation is therefore 


a(12, 3,130) _ 


Ad 3 = 16D, 
8(q 5 Qxs Qy> Qz) 


where D is the determinant formed by the sixteen components of the four 
4-vectors l,, l,.... The integration in (126.10) amounts simply to replacing the 
functions B and D in the integrand by their valuest when 


G=B=4= =m’, (126.13) 


t+ When t>0, (k—k’)’<0, ie. the vector k—k’ is imaginary. This difficulty is, however, easily 
circumvented by expanding all vector expressions with t <0 and using analytical continuation to t > 0. 

+ This method of integration automatically takes accov>t of only one zero of each argument of the 
delta functions. 
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From the conditions I} = 1{ = m? we have, as in §115, 
q’=o, qg=w'-m’. (126.14) 
The other two conditions give 
(q — ky)? — m* = — 2qks = — 2w’?—- 2q- k' = 0, 
(q —k2)’- m’* = —-2w’— 2q:k=0, 
and hence 
q:k=q-k'=~4s, 
or, In components, 
q=o, gq, =—s/2%(s+t), gq =0, 
q: = + V(w?— m*— q;) 


_ . fst -—4m%(s +t)? | 
ae | ee | | (126.15) 
Thus the integral (126.10) is 
ar’ : 
As, t) = eee (— iB), (126.16) 


where the summation is over the two values of q given by (126.15). 
The determinant D can be written in terms of the antisymmetric unit tensor: 


D = Cpupal ¢131813 
=— Cup kakoky 
=— Cuvpo(q — k,)*(k,- k1)"(k2 — ki)’kq, 


where the antisymmetry of e,,,. has been used. Since only k, among the four 
factors has a time component, we deduce that 


D =—wq: (k+k’) x (k—k’). 
Expanding this expression with t <0 and then continuing to t >0, we find 
D = — wq,V(s + t)V(— t) > * ti{st[st — 4m2(s + t)]}"”. (126.17) 
The choice of sign needed here can be made as follows. For simplicity, let 
B= 1. Then A,,(s, t)<0 in the physical region (s > 0, t <0), since the two factors 


in the denominator in (126.6) have the same (negative) sign: 


(q — ks)’ — m?* = — 2w’ — 2g - k’ < — 20(w — |ql) <0, 
(q — ky)’ — m? = — 2w? — 2q-k < — 2w(w — |q|) <0 
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(here we use the results (126.14) which follow from the presence of the two delta 
functions in the numerator, and which show that |q|<w).t From (126.7) it is then 
seen that A2(s,t) also must be negative when s > 0 and t >0 (since, as 1s evident 
from (126.16), A2(s, t) does not change sign). This means that the upper sign must 
be taken in (126.17), giving finally 


SB 


= eres ants FO e0rks) 


Since, from its significance, A,(s, t) must be real, there is a further condition: as 
well as s and t, the expression in brackets in the denominator must be positive: 


st -4m*(s + t)=0, | 

s>0, t>0. ee) 
These inequalities define the region (shaded in Fig. 23) over which the integration is 
to be taken in the double dispersion integral (126.8). The region is bounded by the 
curve 


st -—4m*(s +t) =0, 


with asymptotes s = 4m? and t = 4m’. 

The dispersicn relations in the form (126.5) and (126.8) do not yet take account 
of the renormalization conditions; if they were applied as they stand, the integrals 
would be divergent and would need to be regularized. The renormalization con- 
dition for the amplitudes M(s, t) is 


M(0, 0) = 0: (126.20) 
the photon-photon scattering amplitude must be zero when k, = k,=k;=k,=0 


(and therefore s = t = 0), since k = 0 implies a potential constant in time and space, 
corresponding to no physical field; this condition will be further discussed in §127. 


! 
| 
| 
| 
| 
| 
| 
| 
| 
Siem 


FIG. 23. 


t This is, of course, not fortuitous: Ai; is negative, in fact, because of the unitarity condition, as Is 
especially clear when t = 0 and A;, determines the total cross-section. 
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To include this condition automatically, we must write the dispersion relation 
“with subtraction” (as in deriving (111.13) from (111.8)). The required relation ts 
obtained in a natural manner by first using an identical transformation: 


l st S t ] 
a i + 
(s'—s)(t'—t) (s'—s)(t'—t)s't’ (s'—s)s't' (t'’-t)s't’ s't’ 


Substitution of this in the integrand (126.8) gives 


A(s',t')ds' dt’ ~s f(s’) ds’, t g(t’) dt! 
MS A= ol Sogo —s)(t'—t)s't' oe (s’'—s)s’ =s)s'" (t'—t)t' tt” C, 


where 
= I A(s, t’) ’ = I | As’, t') / 
psy= tf EP ar, gy=s | Mas, 


1 f [Alsst) aaa, 
c=-5| | st’ ds’ dt’. 


These equations would, however, be meaningful only if all the integrals con- 
verged. If not, the functions f(s), g(t) and the constant C must be assigned 
specified values in accordance with the renormalization condition, putting 


C=0, f(s)=Ai,(s,0), g(t) = Ais(0, £), 
where A), 1S the imaginary part of M(s,t) which appears as t increases for a given 
small s (just as A,, is the imaginary part which appears as s increases for a given 


small t). The first of these equations is obvious: C = M(0,0) = 0. The second (and 
similarly the third) follows on comparing the equation 


M(s,0) =< [ L20es- 


(s’—s)s' 
with the single dispersion relation (126.5) written ‘‘with subtraction” according to 
(126.20): 
: os Ss Ai;(s’, t) t 
M(s,t)=5 | PASO ds’ (126.21) 


Thus the double dispersion relation ‘“‘with subtraction” is finally 


AAs’, 
M(s,t)= fl Se =o Fi ds’ dt' + 
A,;(s',0) 1, Ai(0, t') ,,, 
Gone +t (t’— pt dt’. (126.22) 


If s and t are themselves within the region of integration, the integrals (126.21), 
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(126.22) must as usual be taken in the sense 


s>s+i0, tot+i0. (126.23) 


§ 127. Photon-photon scattering 


The scattering of light by light (in a vacuum) is a specifically quantum- 
electrodynamic process; in classical electrodynamics it does not occur, owing to 
the fact that Maxwell’s equations are linear.t 

In quantum electrodynamics, photon-photon scattering is described as the 
result of the production of a virtual electron—positron pair by the two initial 
photons, followed by the annihilation of the pair into the final photons. The 
amplitude of this process (in the first non-vanishing approximation) is represented 
by six “‘square”’ diagrams with every possible relative position of the four external 
ends. These include the diagrams 


k k k 
\ 4? 2\ / 4 k, ye 
ss q ‘\ A % 2 
-k ~k, 
as nec (127.1) 
FP q—k—-k v4 
q > ~\ - 
/ 1: \ 
k; Ee Nk, k,7 b Nk, k;7 <p Nk, 


and another three which differ from these only in that the internal electron loop is 
traversed in the opposite direction. The contribution of these three diagrams is the 
same as that of the diagrams (127.1), and the total scattering amplitude is therefore 


My = 2(M + M® + M©), (127.2) 


where M“, M®) and M“ are the contributions of diagrams (a), (b) and (c). 
According to (64.19) the scattering cross-section is 


1. do’ 
do = 64a? |Mjil” Oey (127.3) 


where do’ is the solid-angle element for the direction k’ in the centre-of-mass 
system. The scattering angle in that system is denoted by 8. 


INVARIANT AMPLITUDES 


Writing separately the polarization factors of the four photons, we have Mj; in 
the form | 


Mj = efeves*e4*My,.,; (127.4) 
t In the limit of low frequencies, this process was first discussed by H. Euler (1936), and in the 


ultra-relativistic case by A. I. Akhiezer (1937). The complete solution is due to R. Karplus and M. Neumann 
(1951). 
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the 4-tensor M,,., (called the photon-photon scattering tensor) is a function of the 
4-momenta of all the photons. If the arguments of functions are written with the 
signs which correspond to like directions of the external lines in the diagram, it is 
evident from the symmetry of the group of diagrams (127.1) that 


Myrplki, k, ™ k3, ~ k4) 


is Symmetrical with respect to any interchange of the four arguments together with 
a simultaneous corresponding interchange of the four suffixes. Because of the 
gauge invariance, the amplitude (127.4) is unchanged when e is replaced by 
e +constant - k. Thus we must have 


kK Miuoo = K8 Muyo = °° = 0. (127.5) 


It is easily deduced from this that, in particular, the expansion of the scattering 
tensor in powers of the 4-momenta k,, k),... must begin with terms containing 
quaternary products of the components, and certainly 


M,,p(9, 0, 0, 0) aa 0. (127.6) 


To determine the actual invariant amplitudes, however, it is desirable to take 
from the start a particular gauge of the polarization 4-vectors e, in which 


e* =(0,e,), ef =(0,e2),.... (127.7) 
Then 
Mii = Mitimei€2x€ 31€ § m; (127.8) 


where Mim 1S a three-dimensional tensor. 

We take as the two independent polarizations for each photon the circular 
polarizations with opposite directions of rotation, i.e. two helical states with 
helicities A = +1. 

The tensor Mium can then be written 


Mitim = >» Margaret eS? * ere Qo: (127.9) 


AA2A4AG 


the sixteen quantities M),,,,,,, are functions of s, t and u, and act as invariant 
amplitudes, but they are not all independent. 

The quantities M,,,,,,,, are three-dimensional scalars. Spatial inversion changes 
the sign of the helicities, while the invariant quantities s, t and u remain ‘unaltered. 
The condition of P invariance therefore gives the relations 


Maral, t,u)= Mey cienex,(S, t, u). (127.10) 


Time reversal interchanges the initial and final photons without affecting their 
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helicities; s, t and u again remain unaltered. The condition of T invariance 
therefore gives the equation 


Mi raya dss t,u)= Myrga als, t, u). (127.11) 


Lastly, one further relation follows from the invariance of the amplitude M,: under — 
the interchange of the two initial or the two final photons. If both interchanges are 
made (k, < k2, k3< k,), the variables s, t, u are unaltered, and the interchange in 
the polarization indices leads to 


Majrrasadss WU) = Maras, tu). (127.12) 


It is easy to see that, because of the symmetry properties (127.10)-(127.12), the 
number of independent invariant amplitudes is only five, which may be chosen, for 
example, as 


Mi444, M,.--, M,-4-, M,--;, M,++- 


(the suffixes + and — denoting, for brevity, helicity values + 1 and — 1). 

If one of the amplitudes M,,,,,.,,, 18 substituted for Mj; in (127.3), the result is the 
cross-section for scattering with specified polarizations of the initial and final 
photons. The cross-section summed over the final polarizations and averaged over 
the initial polarizations is obtained by the substitution 


|Mjil’ > 4{2| My +++] + 2|Mi+--|? + 2|My-.-[? + 
+ 2|M,_.|? + 8|My..-[7}. (127.13) 


The symmetry relations (127.10}(127.12) connect different invariant amplitudes 
as functions of the same variables. Further functional relations are obtained from 
crossing invariance (§78), since the amplitude M,;; describes the same reaction 
(photon—photon scattering) in every channel, and therefore must be the same for 
every channel. 

The s channel (corresponding to the arrow directions as shown in the diagrams 
(127.1)) is converted to the t channel by interchanging the 4-momenta k, and —k; 
(i.e. by changing the variables s<>t) and interchanging the helicity suffixes 
A2 <>— Aj. Similarly, it is converted to the u channel by interchanging k, and — k, 
(su) and A,<— — A,4. This leads to the relations 


M,-.-(s, t, u) a M,444(u, t, S), 
M,.__.(s, t, u) Fe M...4+(t, S, u), (127.14) 
M,..4+(s, t, uw) = Misss(s, u, )5 


M,.,-_ and M,,,- are completely symmetrical in s, t and u.f It is therefore sufficient 


+t Here we have also used the symmetry with respect to the two final photons. Since the three 
variables s, t and u are not independent, it would be sufficient to write two arguments (for example, the 
first two), but we have retained all three, simply in order to clarify the symmetry of the interchanges. 


§127 Photon—Photon Scattering 569 


to calculate only three of the sixteen amplitudes, for instance M444, M,.-- and 
Meas 

The relations (127.10)—(127.12) and (127.14) apply to the total amplitudes, i.e. the 
sums of the contributions of all three diagrams (127.1). But these contributions 
themselves are related in a manner which is obvious on comparing the diagrams. 
For example, diagram (b) 1s obtained from diagram (a) by the substitutions 
k,<> —ky, e.< ef, and so their contributions to the invariant amplitudes are 
obtained from each other by interchanging the variables s <u and the suffixes 
A2<>— Ag; similarly, the contribution of diagram (c) is obtained from that of 
diagram (a) by the changes t @— u, A; — Ag. 


CALCULATION OF THE AMPLITUDES 


The integral M§?) corresponding to the diagram (127.1a) has the form (126.4), 
with 


4 
B') = str (yei(yq ~ yk + m)(ye2) x 
x (yq + m\(ye4)(yq — ykat+ m)(yeF)(yq — yki— ykot+m)}. (127.15) 


The integrals (126.4) are logarithmically divergent. In accordance with the 
condition (127.6), they are regularized by subtracting the value when k, = k,=--- = 
0.+ The calculation of the regularized integrals is, however, exceedingly laborious. 

The most straightforward way to calculate the photon—-photon scattering am- 
plitudes is based on the use of the double dispersion relation (B. De Tollis, 1964). 
This method makes the most complete allowance for the symmetry of the 
diagrams, and almost entirely eliminates the difficulties of the integrations. 

The function A§?(s, t) (and similarly A?) for any given set of helicities A,, Ao, 
A3, A, is Calculated in accordance with (126.6); owing to the presence of two delta 
functions in the integrand, the value of B‘ is needed only for 


i=q@e=am’, =(q-ki—ky=m’. (127.16) 
These equations can be utilized in calculating the trace (127.15). For substitution in 


+t Inthe summation of the contributions from all the diagrams, the divergent parts of the integrals cancel, 
as is easily seen by noting the asymptotic form of the integral as q > ~: 


Miu & tr{ya (va) yu (vq) ¥o(va)y-(-q)} d*qi(q’y’. 
After averaging over the directions of q (cf. (131.10)), the trace is easily calculated, giving 
M iu % (RipBup + BrrBup ~ 2nd | d‘ql(q’y. 


The summation over the diagrams is equivalent to symmetrizing this expression with respect to the suffixes 
A, pw, v and p, the result of which is zero. However, this is in a certain sense fortuitous, and does not remove 
the need for regularization, even though the latter amounts only to the subtraction of a finite quantity. 
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(126.22) we need the value of A{?’ only for t = 0. This implies that k = k’ and k, = kg. 
Then the integral (126.6) becomes 


, 1 s—4m’ B™ do 
As, 0) =— Ln] ; reerna: ey my (127.17) 


cf. the derivation of (115.10). With the angle 3 between q and k, we have 


(q — kx)? — m? = — 2w(1- lq) cos &) 
=—Vsf[{1-3V(s — 4m’) cos 9]. 


The integrals (127.17) can in fact be expressed in terms of elementary functions. 
The calculation of A‘*(s, t) from its definition (126.18) involves no integration; here 
the expression for B“ is to be taken for the values of q given by (126.15), which 
satisfy not only (127.16) but also the conditions (q — k2)’ = m’, (q — ks)? = m’. 
When the functions A;,, A;, and A; have been calculated, the dispersion relation 
(126.22) gives the amplitude directly as single and double definite integrals. We 
shall give the final result for the three invariant amplitudes which, according to the 
preceding discussion, are sufficient to determine all the other amplitudes: f 


soa Miss a (2+* ~*)Bq)- (2+*)Bq)- 


mE cea ea -=|(rw+ T(u)) +2 ‘(1 ~2)16,1)4 


4 2 At?+u’) 16 4 4 8 
+3 (1-2)1(, uy + [A - FS = |rct,u), (127.18) 


Ss t U 
1M =144(5 +7 +2 \[T(s)+ TW) + TH)]— 
Ba? +++— s ft 


~a(L+ 2)1(s,1)-4(t + =) 10s, w)—4(2+2) 104, w), 
wa Me. = 1-5 1(s, = 1(s, u)— > Ut, w). 


Here, B(s), T(s) and I(s, t) denote the functions 


B(s)= V(i—4/s) sinh '4V —s—1, s <0, 
T(s) =(sinh '3V -s)’, s <0, 


i 
d 
I(s, t) =) sayy roa [1-10 — sy(1 — y)] + log [1 —i0—ty(1 — y)]}, 


(127.19) 


t Some further details of the transformations of the integrals, various representations of the 
transcendental functions B, T and I, and some limiting forms are given by B. De Tollis, Nuovo Cimento [10] 
32, 757, 1964; 35, 1182, 1965; V. Costantini, B. De Tollis and G. Pistoni, ibid. [11] 2A, 733, 1971. 
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and the expressions in the ranges 0< s <4 and s >4 are obtained from (127.19) by 
analytical continuation with the rule s >s + i0, i.e. through the upper half-plane of 
these variables. To simplify the notation, s and t denote s/m? and t/m?’, in (127.18) 
and (127.19) only. 


SCATTERING CROSS-SECTION 

The limiting case of low frequencies (w <m) corresponds to small values of the 
variables s, t and u. The first terms in the expansion of the invariant amplitudes in 

powers of these variables are 

M.ia+ = Lle*s?/45m*, M,-_. = 1le*t?/45m‘%, 
M,-4- = lle*u?/45m*, My.--=—e(s? +t? + u’)/15m‘, (127.20) 
M,44-~ 0. 

Substituting these values in (127.3), we find the cross-sections for the scattering of 


polarized photons. The differential scattering cross-section for unpolarized pho- 
tons, calculated from (127.13), is (in ordinary units) 


ee 139 ? :( 4 ) 2 ; 
do = 47190) are (3+ cos* 6) do (127.21) 


and the total cross-section ist 


6 
= 0.031a°r}(“S) . Wee (127.22) 


In the opposite (ultra-relativistic) case, the total scattering cross-section for 
unpolarized photons ist 


a =4.7a(clwy’, hwo > mc’. (127.23) 


Finally, the differential cross-section for small-angle scattering in the ultra- 
relativistic case is 


Lie al 3 
do = —y log 9 2 mce‘lhw <6 <1. (127.24) 


This expression is valid with logarithmic accuracy (the next term in the expansion 
contains a power of the large logarithm lower by one unit). In the limit 6 =0 


Tt In going from dco to o, a factor } has to be included to take account of the identity of the two final 
photons. 
¢ The origin of this dependence of o on w will be further discussed at the end of §134. 
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(forward scattering), (127.24) is invalid, and is replaced by 


40 
a 2 


a ay log* ne d 


do = 0, 0<mc’/hw. (127.25) 


This expression is easily derived from the general formulae (127.18), putting t = 0 
and noting that, for s > 1, the highest power (the square) of the large logarithm is 
present only in the function 


T (s/m’) ~ 4 log’ (s/m?) = log? (w/m). 
To this accuracy, the only non-zero amplitudes are 
M gies a! M___. = M,-4- aba 16e* log? (w/m). 


In particular, therefore, the photon polarization is tin this case unchanged on 
scattering. 

Figure 24 shows the total scattering cross-section as a function of the 
frequency, plotted on a double logarithmic scale. The cross-section decreases 
towards both low and high frequencies, reaching a maximum when hw ~ 1.5mc’. 
The break in the curve at hw = mc’ corresponds to the change in the nature of the 
process when the production of a real electron—positron pair becomes possible. 


LOW FREQUENCIES 


For low frequencies (w <m), the photon-photon scattering amplitude can also 
be derived by a totally different method, based on the correction terms in the 
Lagrangian of a weak electromagnetic field (§129). 

The small correction .V’ to the interaction Hamiltonian differs only in sign from 
that to the Lagrangian. From (129.21), 


Vi= axiom [ HH’) + 7(E - Hy} d°x. (127.26) 
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Since this operator is of the fourth order in the field, it has matrix elements for the 
relevant transition, even in the first approximation. 
For the calculation, we substitute in (127.26) 


=-—@A/dt, H=curlA, 


E 
A = V (47) Ss (Cur Cxa e+ Eka ex, e"*), (127.27) 
ka 


where A numbers the polarization; the S-matrix element is then given by 


Si =~ igfl{ V' atli 


= ~ ileus Cure | V" dt cia, cil (127.28) 


(cf. §§72 and 77). When A is normalized as in (127.27), the scattering amplitude Mj; 
is found immediately from S;,;: 


Spi = i(27)*6 (Ks + kg — ky — ka) My (127.29) 


(cf. §64). The mean value in (127.28) is calculated by means of Wick’s theorem, 
using (77.3), with contraction of only the ‘external’ operators ¢,,, €x, with the 
internal operators A. 


§ 128. Coherent scattering of a photon in the field of a 
nucleus 


Other effects which are non-linear, like photon—photon scattering, and are 
described by square diagrams of the form (127.1), are the disintegration of one 
photon into two in an external field (and the reverse process of combination of two 
photons into one), and photon scattering in an external field. The former cor- 
responds to diagrams in which one of the four external photon lines is replaced by 
an external field line; the latter process corresponds to diagrams with two external 
lines of real photons and two of virtual photons. 

This class includes, in particular, coherent (elastic) scattering of a photon in the 
constant electric field of a stationary nucleus. In general, the calculations lead to 
very lengthy formulae involving multiple quadratures.t Here, only some estimates 
will be given. 

Because of the requirements of gauge invariance, the scattering amplitude as 
w 0 must contain products of the components of the 4-momenta of the initial 
photon (k) and the final photon (k’), just as the expansion of the photon—photon 
scattering amplitude begins with the quaternary products of the components of the 
4-momenta of all the photons. Thus the scattering amplitude for a low-frequency 
photon is proportional to w’. Since also this amplitude involves the external field 


t See V. Costantini, B. De Tollis and G. Pistoni, Nuovo Cimento {11] 2A, 733, 1971; B. De Tollis, M. 
Lusignoli and G. Pistoni, ibid. 32A, 227, 1976. 
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(the field of the nucleus with charge Ze) in the second order, we conclude that the 
scattering cross-section 1s 


do ~ Z‘a‘r2(wi/m)‘ do (w<m). (128.1) 


The frequency dependence is, of course, in agreement with the general results of 
§59. 

The coefficient in (128.1) cannot be calculated from the Lagrangian for a 
uniform electromagnetic field (as was done for photon-photon scattering). The 
reason is that, in the process here considered, distances from the nucleus r ~ I/m 
at which its field cannot be regarded as uniform are important. 

The result of the exact calculation is 


do., = dao__ = 1.004 x 10°°(Za)*r2(w/m)* cos* 36 do, 


(128.2) 
do._ = do_, = 3.81 xX 10°“(Za)*r2(w/m)* sin’ $6 do. 
Here, as in §127, the suffixes + and — denote the helicities + 1 and —1 of the final 
and initial photons; 6 is the scattering angle in the rest frame of the nucleus (V. 
Costantini, B. De Tollis and G. Pistoni, 1971). 

To estimate the cross-section at high frequencies, we use the optical theorem 
(§71). The intermediate state which appears on the right-hand side of the unitarity 
relation is here a state of the electron—positron pair (corresponding to the division 
of the diagrams at two internal electron lines between external photon lines). The 
optical theorem therefore relates the amplitude for elastic scattering of a photon 
through an angle of zero and the total cross-section o>, for photon pair production 
in the field of the nucleus. If the amplitude f(w, 6) for scattering through an angle @ 
is so defined that the scattering cross-section is do = |f|* do (cf. (71.5)), we have 


im f(@, 0) = wo pair/ 47. 


The cross-section Gpair iS, of course, Zero unless w > 2m. In the ultra-relativistic 
case, taking o>, from (94.6), we get 


f"(w) =im f(w, 0) = 5 (Za) re = log ae m4 (w >m). (128.3) 


The real part of the scattering amplitude is determined by the imaginary part, 
through the dispersion relation. The latter must here be written “‘with one subtrac- 
tion’, i.e. for the function f/t (where t = w’), since as w >0 the amplitude f « w’; 
compare the dispersion relation ‘“‘with two subtractions” (111.13). Separating the 
real part of the dispersion integral (for which it is sufficient to take the integral as a 
principal value), and changing from integration with respect to t’ = w” to that with 
respect to w’, we have 


f'(w) = re f(w, 0) = aap | Lipa Fw) de’ (128.4) 


w'(w” — w’) —w’*) 
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When w >™m, the important values in the integral are w'~ w >m, so that we can 
use the expression (128.3) for f’(w’); the lower limit of integration may then be 
replaced by zero. The principal value of the integral can be represented as half the 
sum of the integrals along paths on the upper and lower edges of the positive real 
axis in the complex w’-plane; these paths may then in turn be rotated in the 
w'-plane to lie along the positive and negative imaginary axes respectively. Then 


ae frig) + f"(—i8) g 
EMG) 2 ( Cape —eE+a) % 


7 2Ve ai dg 
= em? eee 
0 


and the final result is 
A 2 
re f(w, 0) = 13 (Za) rew/m. (128.5) 


Note that the real part of the amplitude, unlike the imaginary part, does not contain 
a large logarithm. 

The sum of the squares of (128.3) and (128.5) gives the cross-section for 
scattering through an angle of zero as 


2 
ae 3-3 (Za)' n(2) {log (Cs) +n} do (128.6) 


m 


(F. Rohrlich and R. L. Gluckstern, 1952). 

The result (128.6) derived for scattering exactly forwards is valid also over a 
certain range of small angles. The condition for its validity can be shown to be 
6<(m/w)’. This range, however, makes only a small contribution to the total 
scattering cross-section. The main contribution to the latter comes from angles 
6 <= m/w, as is easily seen from the general (not only for angle zero) unitarity 
relation between the amplitudes for photon-photon scattering and photon pair 
production. In that range, however, the logarithmic term is absent, and the total 
scattering cross-section is thus 


o ~ (Za) ri(wim)@? ~ (Za) r2 (128.7) 


(H. A. Bethe and F. Rohrlich, 1952). For large w, therefore, the coherent scattering 
cross-section tends to a constant limit. 


§ 129. Radiative corrections to the electromagnetic fied 
equations 


In the quantization of the electron—positron field (§25) it has been shown. that 
the expression for the vacuum energy contains an infinite constant, which may be 
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writtent 


> nee (129.1) 


where ~— e\,’ are the negative frequencies of the solutions of Dirac’s equation. This 
constant itself has no physical meaning, since the vacuum energy is, by cenmnon: 
zero. When an electromagnetic field is present, however, the energy levels ce}, will 
change. The changes are finite and are physically significant. They describe the field 
dependence of the properties of space, and alter the equations of the electromag- 
netic field in a vacuum. 

The changes in the field equations correspond to the change tn the field 
Lagrangian. The density L of the Lagrangian is a relativistic invariant, and 
therefore can depend only on the invariants E’ — H? and E- H. The usual expression 


Lo = (E’ — H’)/87 (129.2) 


is the first term in the expansion of the general expression in powers of the 
invariants. 

Let us derive the Lagrangian for the case where the fields E and H vary so 
slowly in space and time that they can be regarded as uniform and constant. Then 
L may be assumed not to involve the derivatives of the fields. The necessary 
conditions for this will be discussed at the end of the section. 

However, if the problem stated is to be meaningful, we must also assume the 
electric field to be sufficiently weak. The reason is that a uniform electric field can 
generate pairs from the vacuum. The field itself can be treated as a closed system 
only if the pair production probability is sufficiently small: 


IE|<m?/le| (= m?’c*Jlelh), (129.3) 


i.e. the change in the energy of a charge e over a distance h/mc must be small in 
comparison with mc’. We shall see below (cf. also Problem 2) that the pair 
production probability is then exponentially small. 

If there is a magnetic field as well as an electric field, it is in general possible to 
choose a frame of reference in which E and H are parallel. Then the magnetic field 
does not influence the motion of the charge in the direction of E. The condition 
(129.3) is to be satisfied in this frame, which will be the one used in the subsequent 
calculations. 

The calculation of the Lagrangian begins with that of the change W’ in the 
vacuum energy. This is given by the change in the ‘zero energy” (129.1) due to the 
field. From this, however, we must subtract the mean values of the potential energy 
of the electrons in the “‘states”’ of negative energy. The subtraction simply makes 
the total charge of the vacuum zero by definition. 

The zero energy in the presence of the field is 


~ 2 fp = 2 Voor is. Wye ax, (129.4) 


p.o 


t+ Here we shall write € in place of E. to avoid confusion with the electric field. 
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where wy, are the negative-frequency solutions of Dirac’s equation in the field 


concerned. We shall assume that the integration is over a unit volume, and that the 
wave functions are normalized to unity in that volume; then @p is the energy per 
unit volume. According to the preceding discussion, we have to subtract from €o 
the quantity 


Ur= > | vier edyse as, 
pP.c 


where @ = —E - ris the potential of the uniform field. According to the theorem on 
the differentiation of an operator with respect to a parameter (see QM, (11.16)), 


U=E- 2 Woo 7 Woo d°x 
=-E- 2, deycldE 
=E- d€/dE. 
Thus the total change in the vacuum energy density is 
W’ = (€)—E: 0€/0E) — (9 — E-: 0&o/0 E)g-n-o. (129.5) 


We can relate W' to the change L’ in the Lagrangian density (L = Ly+ L’) by 
using the general formula 


W = > qaL/aq - L, 


where q represents the ‘generalized coordinates”’ of the field (see Fields, §32). For 
an electromagnetic field, the quantities q are the potentials A and @. Since 


E=-A-Vo¢, H=curlA, (129.6) 


A is the only “velocity” q which appears in L, and the differentiation with respect 
to A is equivalent to one with respect to E; hence 


W'=E- dL'/aE- L’. (129.7) 


Comparison of (129.5) and (129.7) gives 


L' = —[€o — (So) e=n-o). (129.8) 


Thus L’ can be calculated by means of the sum (129.1). 
Let us first take the case where there is only a magnetic field. The ‘‘negative”’ 
energy levels of the electron (charge e = —|e|) in a constant uniform field H, = H 
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are 
—¢=~—V[m’+ le|H(2n -1+0)+p?2), (129.9) 
n=0,1,2,...;0=+1 


(see §32, Problem). To find the sum, we note that the number of states in the 
interval dp, is | 


le|H dp: 


2a 27 


(see QM, §112); the first factor is the number of states with various values of p,, 
which do not affect the energy. Moreover, all the levels except n = 0, o = —1 are 
doubly degenerate, the levels n, 7 = +1 and n+1, o = —1 coinciding. Hence 


ees i {V(m? + p2) +2 >, Vim? + 2le|Hn + p?)} dp, (129.10) 
(277) J = 


The divergence of the integrals in (129.10) is eliminated in the calculation of L' 
(129.8) by subtracting the value of the sum when H =0. To carry out this 
‘renormalization’, it is convenient to calculate first the convergent expression 


_ d' 
~ (am)? 


__ jel|H 2 2-3/2 = 2 2 an 
— | {(m + p*) +22 (m* + 2le|Hn + p2) dp, 
0 


_ _ jel|H f 1 . 1 
«Sar ett ts caer 


The sum in the braces can be reduced to that of a geometrical progression, as 
follows: 


2 ce {en 2 -1]a 
87 1—e 2am n 
0 
= — a | e-™™ coth (je|Hn) dp. (129.11) 
0 


To find L’, we must now integrate ® twice with respect to m* and then subtract the 


§129 Radiative Corrections to the Electromagnetic Field Equations 579 


value of the resulting quantity when H = 0. This gives 


=-gh fF olen coth (nle|H) — 1} dn +c, +c2m?’, (129.12) 
0 


where c, and c, depend on H but not on m’. 
From considerations of dimensions and of parity with respect to H, it is evident 
that L’ as a function of H and m must have the form 


L’ = m‘f(H?/m‘). 


Hence there can be no terms in L’ which are odd in m’, and so c,=0. The 
coefficient c, is given by the condition that the expansion of L’ in powers of H’ 
begins with a term in H‘*: a term in H’ would simply alter the coefficient in the 
original Lagrangian Lo = — H?/87, and this would essentially signify a changed 
definition of the field and therefore of the charge. The elimination of the H’ terms. 
thus corresponds to a renormalization of charge. It is easily verified that this is 
achieved by putting 


H’e? (e” 
3x8r°J 7 ” 
0 


Finally, making the change of variable m’n > 7 in (129.12), we have 
= m* 1)2. 2) .- a 
LH; E=0)=95 {— nb coth by + 1+ $b?n7} e" FF, (129.13) 
0 


where b = |e|H/m’. 

Let us now go to the general case where there is not only a magnetic field but 
also an electric field E parallel to it, satisfying the condition (129.3). 

To find L’ in this case it is not necessary to determine afresh the energy levels 
e, of the electron in the field; we need only note that, if the wave function (the 
solution of the second-order equation (32.7)) is sought as a product 


Ww = We(z) ey ,,(y), 
where ync(y) is the wave function in the magnetic field when E = 0 and p, = 0, then 
the mass m and the field H appear in the equation for we(z) only in the 
combination 


m’+ le|H(2n+ 1+). 


If now the factor |e|H/27m is again taken from the summation over p, (the energy 
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levels being independent of p,), the dimensional argument shows that 


®(H, E) = a°L'|(am’y 


_ lelH < F({m? + |e|H(2n + 1+ 0)j/|e|H) 
«8a 2,, | 


=p m+ |e|H(2n+1+0) 
b 1 = F(1 + 2bn/a) a 
nja 
~~ ae {F(G) +23,“ 
a =|e|E/m’; 


each term in the sum is — d’e¢?/(dm’) summed over all the quantum numbers 
except n. Here F ts a function as yet unknown, which will be derived from 
considerations of relativistic invariance. 

® must be a function of the scalars H? — E’ and (EH) = (E: H)’: 


®(H, E) = f(H’ - E’, (EH)’). 
Hence 
(0, E) = f(-— E’, 0) = ®(iE, 0). 


The function (iE, 0) is obtained from (129.11) by putting H > iE; after a change of 
notation for the variable of integration, this gives 


(iE, 0) = go | e-"9 cot n dn. (129.15) 
0 


The function F can be found by comparing this expression with the limit ®(H > 
0, E) given by (129.14). The passage to the limit H ~0 in (129.14) can be effected 
by replacing the summation over n by integration over dn = dx/2b: 


1 fi+x\ d 
60, E)=- grr | F(*) 5% 
0 
oe F(y) 
= = iow dy. (129.16) 


Equating the expressions (129.15) and (129.16) and differentiating with respect to 
l/a = z, we find 


fe] 


F(z)/z=- | e ”’» cot n dn. 
0 


The summation in (129.14) then reduces again to the summation of a geometric 
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progression, and the subsequent calculations are similar to those given previously: 
we express ® in terms of m’, E and H, integrate twice with respect to m’, subtract 
the value for E =H =0, and determine the constants of integration as in the 
derivation of (129.13). The final result ist 


L’ = 


e yn 
—;z {—(na cot na)(nb coth yb) + 1 —37(a? — b?)} dn, 
pre um Oa 99.17) 


a = |e|E/m? (= |el|hE/m’c3), bb = |e |H{m? (= |e|hH/m’c’). 


The parameters a and b may be written in the invariant form 


es ge {(¥ 4: ig)!” _ (F te ig)'}, 


(129.18) 
b= Hi, ((F + iG)'? + (F — iG)", 
where ¥ and &Y denote the invariants 
F=(W-E), G=E-H, ¥+iG = }(H+iby. (129.19) 


When (129.17) is expressed in terms of the invariants ¥ and &, it becomes 
applicable in any frame of reference (not only in that where E|/H). 

The formula (129.17) is written in a somewhat arbitrary manner. It is valid only 
if the electric field is small: a <1 (129.3); this condition is not shown explicitly in 
(129.17), but can be seen from the fact that the integrand in (129.17) has poles at 
7 =nnrla (n=1,2,...), and the integral as written above has, strictly speaking, no 
meaning. Hence (129.17) can essentially be used only to derive the terms of the 
asymptotic series (see below) in powers of a by a formal expansion of cot a. 

The integral (129.17) can be given a mathematical meaning by passing round the 
poles in the complex 7y-plane. Then L’, and therefore the energy density W’, have 
an imaginary part. Since the energy is complex, there are quasi-stationary states.t 
In the present case, the stationarity condition is violated by pair production, and 
-~21im W'’ is the probability w of pair production per unit volume and time; since 
the small increments of W and L differ only in sign, the probability w, expressed in 
terms of E and H, is simply 


w=2im L’, (129.20) 


This is clearly proportional to e~”* (see (129.22) below). Because im W’ is 
exponentially small when a <1, an asymptotic series in powers of a, retaining any 
finite number of terms, is meaningful. 


+ This was first derived by W. Heisenberg and H. Euler (1935). The analysis given above makes use 
also of the principles of a proof suggested by V. F. Weisskopf (1936). 

¢ The direction of passage round the poles must be chosen so that im W’ <0; this corresponds to 
the usual rule m?> m?— i0 (i.e. here aa + iO). 
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Let us consider the limiting cases of formula (129.17). In weak fields (a <1. 
b <1), the leading terms of the expansion are 


,_ m4 (a?—b’P+7(ab) _ e* ue ; 
Ie = 8 45 ee Lary en ae + 7G°). (129.21) 


In particular, when b = 0 the relative correction is 
L'/Lo = aa’/45n. 


The imaginary part of L’ for a <1 1s obtained from the integral (129.17) by 
taking half the residue at the pole of the cotangent nearest to the origin, i.e. at 
na = 7 —i0. From (129.20), this gives the probability of pair production by a weak 
electric field: 


w= ae 
An 
or, in ordinary units, 
_ 1 (eEh\? mc? (mc\? amc? 
w= a (Sas) (Fe) exe (— Tene: eas 


In a strong magnetic field (a =0, b> 1), we start from (129.13), written (with 
by > n) as | 


1 n 


412 ¢ p-nib = 
p= i [3-2 | dn. 
0 


When b > 1, the important range in this integral is 1 <1 <b, in which e-”’ ~ 1 and 


we can neglect the second term in the brackets, terminating the range of integration 
(with logarithmic accuracy) at 7 ~ 1 and n ~ b. Then 


L' = (m‘b?/247’) log b; (129.23) 
in a more exact result, log b becomes log b — 2.29. The ratio L’/Lo is here 
L'/Lo = (a/37r) log b, 


from which we see that the radiative corrections to the field equations may become 
of relative order unity only in exponentially strong fields: 


H ~ (m?/le|)e>"". (129.24) 
The corrections calculated above are, nevertheless, meaningful: they remove 


the linearity of Maxwell’s equations, and thus lead to effects which are in principle 
observable (e.g. scattering of light by light or in an external field). 
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The relation between the fields E and H and the potentials A and @ remains, by 
definition, as before (129.6), and there is therefore also no change in the first pair of 
Maxwell’s equations: 


Aon S6:. CHES a (129.25) 


The second pair of equations are obtained by varying the action 
S= [ dot L') d*x 


with respect to A and @¢, and can be written 


curl (H — 477M) = = (E+ 47P), (129.26) 
div (E+ 47P) =0, (129.27) 

with the notation 
P=9L'/aE, M~=0aL'/aH. (129.28) 


Equations (129.25)-(129.27) agree in form with the macroscopic Maxwell’s equa- _ 
tions for a field in matter.t Hence we see that P and M signify the electric and 
magnetic polarization vectors of the vacuum. | 

Note that P and M are zero for the field of a plane wave, where both invariants 
FE’ — H’ and E-H are zero. For a plane wave, therefore, the non-linear corrections 
are zero in a vacuum. 

Lastly, let us consider the conditions for the above formulae to be valid. If the 
fields are to be regarded as constant, their relative changes over distances or times 
of the order of 1/m must be small; this ensures that the corrections to Lo arising 
‘rom the derivatives are small in comparison with Lo itself. For instance, if the field 
is only time-dependent, this gives the obvious condition 


w <m. (129.29) 


For a weak field, however, there is also a more stringent condition. This occurs 
because the fourth-order term (129.21) must be much larger than the correction to 
Ly quadratic in the derivatives; otherwise, the fourth-order term would have no 


meaning. For example, in an electric field depending only on the time, this leads to 
the condition | 


w <mie|E/m’, (129.30) 
which is more stringent than (129.29). 


+ In making the comparison, it must be remembered that in macroscopic electrodynamics the mean 
value of the magnetic field is denoted by B, not by H as here. 
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The condition (129.30) does not arise, however, in the problem of photon-— 
photon scattering considered in the last part of §128. There, we are concerned from 
the start with a four-photon process only, described by the fourth-order terms in 
the Lagrangian, and the relative magnitude of the other terms in L’ is irrelevant. It 
is therefore sufficient if the condition (129.29) is satisfied. 


PROBLEMS 


PROBLEM I. Determine the correction to the field of a small stationary charge e; due to the non-linearity 
of Maxwell's equations. 
SOLUTION. For H = 0, (129.21) gives 


P= dL'/dE 
= (a7/907'm*) E’E. (1) 
In the case of central symmetry, (129.27) gives 
(E+ 4aP)r’ = constant = e:, (2) 


the value of the constant being obtained from the condition that as r>~ the field is the Coulomb field of 
the charge e,. An approximate solution of (2) is 


E =(e,/r’)(l — 2a7e7/45am‘r’), 
or 


@ = (e,/r)(1 — 207 }/2254m‘r’). (3) 


The correction in (3) that is non-linear in e; is to be distinguished from the linear correction in 
(114.6), due ultimately to the non-uniformity of the Coulomb field. The correction (3) is of a higher order 
in a, but decreases more slowly with increasing distance and increases more rapidly with e:. 

PROBLEM 2. Estimate directly the probability of pair production in a weak uniform constant electric 
field in the quasi-classical approximation, to exponential accuracy (F. Sauter, 1931). 

SOLUTION. The motion is quasi-classical in a weak field E (which has a slowly varying potential 
@ = —~E-r=-— Ez). Since the reaction amplitude contains the wave function of the final positron as the 
initial ‘‘negative-frequency” function, pair production may be regarded as a transition of an electron 
from a “‘negative-frequency” to a “‘positive-frequency” state. In the former state, with the field present, 
the quasi-classical momentum is determined by the equation 


e =— V[p(z)+ m7} + Je| Ez, (1) 
and in the latter state by 

e = + V[p*(z) +m’) + lel Ez. (2) 
The change from the first to the second state implies a passage through a potential barrier (the region of 
imaginary p(z)), which separates the regions where the functions (1) and (2) apply with real p(z) for a 
given e. The boundaries z; and 2Z2 of this barrier occur at p(z) = 0, i.e. 


e=-m+|e| Ez, e=+m+|e| Ez. 


The probability of passage through a quasi-classical barrier is 
w & exp (- 2 | [p(z)| dz ) 
22 


wep (-4 [ va-€) dé), 
0 
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whence 
| w x exp(— 1m’/le| E), 


in agreement with (129.22). 


§ 130. Photon splitting in a magnetic field 


The non-linear corrections in the electromagnetic field equations give rise to a 
number of specific effects in photon propagation in external fields. 

In order to put these equations in a more familiar form (cf. the last footnote), 
we Shall denote the electric and magnetic fields in this section by E and B; D and H 
will denote the quantities 


D=E+47rP, H=B-4nM, P=0d0L'/dE, M= 0L'/oB. 
Equations (129.25)—(129.27) then become 


div B = 0, ee (130.1) 


divD=0, curl H = dD/dt. 
Let us consider photon propagation in a constant uniform magnetic field Bb. 


Denoting by a prime the quantities which relate to the weak field of the elec- 
tromagnetic wave, we have for these the equations 


kX H'=-oD’', kXxE’'=oB’, 
(130.2) 
k-B’=0, k-D’=0, 
with 
Di = exE,, By = was (130.3) 


the vacuum permittivity and permeability tensors are functions of the external field 
Bo. Assuming this field to be so weak that |e|Bo/m? <1, we find from the Lagrangian 
(129.21) 


2e4 


Gi ** On + 75m 


3 Ba — Six +} diby), 
(130.4) 


2e4 
Mik = Six +a 7 Bid + 2dib), 


where b = Bo/ Bo. 

The photon frequency is assumed so small that w <m (129.29). However, the 
Structure of the tensors ¢, and ux does not depend on this assumption; it follows 
from the invariance of quantum electrodynamics under spatial inversion and charge 
conjugation. The first of these prevents the occurrence in D’ of terms having the 
form constant x B’ or constant X Bo(Bo - B’) (since inversion changes the sign of E 
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and D but leaves H and B unchanged); the second prevents the occurrence in ex 
and yx of terms antisymmetric and odd in Bo, of the form eu Bo, (since charge 
conjugation changes the sign of all fields). 

Since the problem under consideration has a distinctive plane, namely the 
kb-plane, it is reasonable to take the linear polarizations in and normal to this plane 
as the two independent polarizations of the photon. The subscripts 1 and || wi 
denote polarizations in which the vector B’ is respectively perpendicular to the 
kb-plane and in that plane. 

For perpendicular polarization, the vector H’ ts, like B’, at right angles to the 
kb-plane: 7 

4 
B’ = (1 + io B3)H. 
The vectors E’ and D’ are in that plane. Then, from equations (130.2), we obtain the 
photon dispersion relation k = n,w, with the “refractive index” (in ordinary units 


n, =1+—2", B? sin? @ 130.5 
i mic? 20 SI 9: (130.5) 


where @ 1s the angle between k and Bo.T 
In the second case, B’ and H’ are in the kb-plane, E’ and D’ perpendicular to it. 
The refractive index is found to be 


= Le ar mere 3 
ny = 1+ 7547 Bosin 0. (130.6, 


Note that n, =n). The equality occurs when @=0, n, =ny= 1. 

The most interesting manifestation of the non-linearity of Maxwell's equations 
with radiative corrections is the splitting of a photon into two in an extern 
magnetic field (S. L. Adler, J. N. Bahcall, C. G. Callan and M. N. Rosenblut 
1970). 

In a constant uniform field, this process occurs with conservation of energy and 
momentum.¢ In the decay of a photon k into photons k, and k2, we have 


w(k) = w(k,) + w(k2), ki +k, =k. (130.7) 


For photons in a vacuum, in the absence of external fields, w = k and the equations 
(130.7) can be satisfied only for three photons moving in the same direction. In that 
case, however, the decay is rigorously forbidden by the invariance under charge 
conjugation: Furry’s theorem (§79) shows that the sum of diagrams with three 
photon free ends is zero. 


t Expressing B’ in terms of H’ in the second equation (130.2), we substitute H’ from there in the first 
equation, and then take the projection of the latter on the direction of b. The product k- E’ is expressed 
in terms of b- E’ by means of the equation k - D’ = 0. 

t The conservation of momentum is due to the spatial uniformity of the field, but of course occurs 
only for processes involving uncharged particles. The Lagrangian for charged particles contains not only 
the fields but also the field potentials, which depend on the coordinates even in a uniform field. 
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The presence of an external field makes the decay of the photon possible; this 
decay 1s represented by diagrams with three photon, ends and one or more 
external-field lines. The possibility is, however, dependent on the nature of the 
photon polarization. The dependence may be deduced from the conservation laws 
(130.7) and the change in the photon dispersion relation in a magnetic field. 

The dispersion relation may be written 


wo =k + B(k), (130.8) 


where B(k) is an increment that is small (in a weak field). Its presence makes 
possible, in principle, the fulfilment of equations (130.7) for momenta k, and k, lying 
in a certain narrow cone near the direction of k. Since the directions of all three 
vectors k. k;, ky are close together, they can all be regarded as parallel to k in the 
small terms B(k), and we can take k, + k,=k. The law of conservation of energy 
then becomes 


B (wk) — By(eck,) — Bock — ek,) =k, +|k—k|—-k 


(where « =k/k); since the dispersion relation depends on the polarization of the 
photon, the functions B, B,, B2 may be different. Since 


kk 
eo _pBy = a: ae __KRi og 
|k — k,| = [((k — k,)° + 2kk,(1 — cos 8)] k kita a ; 
where 0 is the small angle between k and k,, we have 
B (wk) — Bi(ek,) — Bolek,) = kk,87/2(k — k,) > 0. (130.9) 


This inequality specifies the properties of the dispersion relation that are necessary 
for decay. 


For frequencies w <m, the dispersion relation is given by (130.5) and (130.6), so 
that B(k) ~ — k[n(«) — 1], where the function n(«) depends on the direction of the 
vector k but not on its magnitude. Then we must have 


kine) + (kK — ky)n2(e) — kn (x) > 0. (130.10) 
Since n, > nj, this condition immediately excludes the decays 
Ys> Vt Vp Ys> Wt Ya, 
where y denotes a photon, and and || correspond to the two polarizations defined 
above.t 
For the decays 
YzP MFM, Went Ww 


t Numerical calculations show that n, > ny, is true not only when w <m and (130.5) and (130.6) are 
valid, but for all w < 2m, the threshold for pair production by the photon. 
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the left-hand side of (130.10) is zero, since the functions n, n,, n2 are the same. To 
solve the problem in this case, we have to take into account the dependence of the 
refractive index on k which appears as w increases. The required inequality is 


k yn (te, ki)+ (k = ki )n(x, k- k,)- kn(«, k) > 0. 


It can be shown by general arguments that n(«,k) is an increasing function of k, 
and so this inequality cannot be satisfied, so that the above decays also are 
impossible: replacing n(k —k,) and n(k,) by n(k) will certainly increase the sum, 
and the result of these changes is a sum equal to zero. This conclusion applies to 
any transparent media, and follows from Kramers and Kronig’s formula for the 
refractive index (see ECM, §64). In the present case, the external field is a 
‘transparent medium” for photons of all frequencies w<2m, up to the pair 
production threshold, 1.e. the photon absorption threshold. 
Thus the only decay processes allowed are 


Vie IL Vis: (130.11) 
Vie yi ye (130.12) 


It has already been noted that the momenta k, and k; are at small angles 3 to 
the initial photon momentum kK. If these angles are neglected, i.e. if the momenta of 
all the photons are assumed to be parallel (the collinear approximation), then the 
decay (130.12) is impossible, as may be shown in the following way. 

Similarly to (127.4), we express the decay amplitude as 


My = My, ve*et*e3*, 
where e, €;, €2 are the photon polarization 4-vectors, defined as usual by their 
4-potentials A. With the three-dimensional potential gauge, e =(0,e), we can 
rewrite this as 
Mi = Muxieie te 31. 
Two independent polarizations are defined by the unit vectorst 


elk Xb, e,||k x (k x b). (130.13) 


It is easy to see that, in the expansion 
ome A) Ay), (Ar) 
Mix ve > Maayaze * el e} “5 

A,Ay,A2 


where A, Aj, Az take the values 1 and || (cf. (127.9)), the vectors e, must occur an 


+ The suffixes || and 1 refer to the polarizations defined above. It must be remembered that the ak 
vectors e determine the direction of the vector potential A (and therefore of the field E’) and are 
perpendicular to B’. 
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even number of times (0 or 2) in each term. The amplitude Mj; is invariant under 
the CP transformation, and since the potentials A (and therefore e) are CP- 
invariant, so must be the tensor My. Under the CP transformation e;— e,, e, > — e1; 
charge conjugation changes the sign of b, inversion changes that of k while leaving 
the axial vector b unaltered. Hence, if the vector e, occurs once in any term of the 
expansion, the corresponding scalar M,,,,, must be CP-odd. But it is impossible to 
construct a CP-odd scalar from only two vectors (in the collinear approximation) 
k = k, =k, and b, both of which change sign under the CP transformation. This 
proves the above statement. 

The decay (130.12) is therefore forbidden in the collinear approximation. A_ 
more detailed analysis shows that the ratio of the amplitude of this process to that. 
of the decay (130.11) allowed in the collinear approximation, 


Mit _ 92 a (Bol B.,)’, (130.14) 
Miiy 


where 
B.,=m’'/le| (= m?’c?*/le|h = 4.4 x 10°G); 


the angles @ are estimated from (130.9) as 3? ~ n, — ny. 

The fact that the only possible decay (in the principal approximation) 1s 
Yi y.+ y. implies that 1 polarization is eventually established in-an unpolarized 
photon beam propagating in a magnetic field. 

Let us now calculate the-decay amplitude M;; = M,,) by perturbation theory, 
assuming that Bo < B,.. 

The first non-vanishing Feynman diagrams (with respect to a, and with respect 
to the external field) are of the form 


Rete ere ae 
7 [ | (130.15) 
kK, —-#* - —-<+ — 


with all possible permutations of the ends, three ends corresponding to photons and 
one to the external field. In the collinear approximation, however, the amplitude 
corresponding to these diagrams is zero. For, as a result of gauge invariance, the 
external field can appear in the amplitude of the process only as a 4-tensor of its 


field strengths F,,, and the photon polarization 4-vectors only in the antisymmetric 
combinations 


fe _ ke, = k,e, 


with the wave 4-vectors. The final expression for the amplitude is constructed from 
the external field tensor F,,, the tensors f,., fi,, and f2,, of the three photons and 
their wave 4-vectors k,, ki,, k2,; it must be linear in each of the tensors f,,, and for 
the diagrams (130.15) it must be linear in F,, also. In the collinear approximation 
the 4-vectors k, and k, reduce to k: k, = kay/w, k; = kw2/w. Under these conditions, 
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any scalar product formed as stated above 1s identically zero: we can easily show 
that such a product will contain at least one zero factor k? or ke. 

In the collinear approximation, therefore, the first non-zero contribution to the 
decay amplitude comes from hexagonal diagrams of the form 


Cae Mage oe 3 KK 
a <{ >) a (130.16) 


with three external-field lines.t The amplitude corresponding to such diagrams 
involves three factors F,,. Scalar products of this kind need not be zero, but all 
non-zero products contain the photon wave vectors only through the tensors f,,: it 
is easy to see that the addition of further factors k will lead to the presence of zero 
factors k’ or ke in the products. The components of the tensor f,, are the same as 
those of the photon fields E’ and B’. This means that, if the decay amplitude 
corresponding to the diagrams (130.16) is represented as the matrix element of an 
operator, then that operator, expressed in terms of the photon field operators, is 
independent of the photon frequencies. Hence it follows in turn that the calculation 
of the scattering amplitude corresponding to the diagram (130.16), by means of the — 
Lagrangian (129.17), gives the correct answer without restriction to the case w <m. 

It has been shown at the end of §127 how the interaction Hamiltonian is 
obtained from the Lagrangian L found in §129. We now have a process involving 
three photons, and the corresponding interaction operator is found from the terms 
in the expansion of L which contain products of three photon fields E’ and B’. Here 
we need consider only the term 


(B' - Bo)(E’ - Bo)’, (130.17) 


in which each of the vectors B’ and E’ appears as a scalar product with Bo: the 
products E”, B” and E’- B’ arise, in the four-dimensional notation, from scalars of 
the form f,.f*"’, which in the collinear approximation are identically zero. The 
selection of the term containing one factor B’ and two factors E’ is made because 
the process under consideration involves one || photon and two 1 photons; for the 
former, the field B’ has a component along Bo, and for the latter the field E’ has such 
a component. 

The Lagrangian L is expressed in terms of the invariants ¥ = ;(B’*— KE’) and 
G=E-B. The required term in the expansion comes from a term proportional to 
¥G*, A calculation using (129.17) gives for this term 


___13e° FG? 
63077m® 


Putting B = Bp + B’, E= E,, and taking the term By: B’ from ¥ and By: E’ from &, 
we get the required expansion term having the form (130.17). Thus the three-photon 


+ The corrections arising from the inclusion of non-collinearity in the diagrams (130.15) would give a 
contribution to the amplitude that is of the next higher order in a relative to that from (130.16). 
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interaction operator for the decay yy yi + yo: IS 


: 13e° ” ‘ x 
Vere sce if (Bo - E})(Bo « E3)(Bo « B’) d°x, (130.18) 


where 
B’ = iV (47)k x ee OME, 


E| = —iV(4m)aie, ees 


and similarly for E3; cf. (127.26), (127.27).t 
According to the rules given in §64, the decay amplitude M;; is calculated from 
the definition 


Sf = (five dtli) = — i(27)*8(k — k, — k.)Mygi, 


and is 


6 
Mes qe (417)"wrw 00,83 sin? ¢ 


@ being the angle between k and Bo. The decay probability per unit time is (see 
(64.11)) 


dw = (277)*8(k — ki — k.)8(w — w1 — w2)|Mgil’ cere ie 7 ee 

9. Ww + 2w,- 2w2 + (27)” 
the extra factor } takes account of the decrease in the phase volume due to the 
identity of the two final photons. The first delta function is eliminated by in- 
tegration over d°k». To eliminate the second we note that, if dispersion is neglected, 


@ — wW,— Ww. =k —k,—|k—k,| 


and thereforet 


i 4 
| [ o01028(o —w,— 2) d cos 9, - 277w? dw 
0 0 


=27 | w(w — w1)’dw, = 1/15. 
0 


+ The coefficient in (130.18) is doubled because Ej and E} can be taken from-either of the two factors 
E’ in L. 

+ Here it is assumed that, with dispersion taken into account, the argument of the delta function in: 
fact has a zero at some cos 3; < 1. Thus a dispersion of this type is necessary for decay to be possible, 
but the decay probability itself does not depend on the amount of the small dispersion. 
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We finally have for the total photon decay probability per unit time (in ordinary 
units) 
_ a (13) me (he ) (2 sin a 
W150? \315/ fh \mc?) \ Be 


2 B2 . 29 3 h 9 h 5 
= 0.18 (Feet) (me) (me?) (130.19) 


As already mentioned, the condition w <m is not necessary for this formula to 
be valid. Its validity is restricted only by the condition that the terms corresponding 
to eighth-order diagrams be small. To obtain an estimate, we note that the 
eighth-order matrix element may contain, for example, a term differing from the 
sixth-order terms by a dimensionless invariant factor of the form (eF“’k,/m’). The 
condition for this to be small is a very weak one: 


w <m(m?/|e|Bo). 


§ 131. Calculation of integrals over four-dimensional regions 


We shall now give some rules and formulae that are useful in the calculation of 
integrals arising in the theory of radiative corrections. 
The typical form of integral corresponding to a Feynman diagram Is 


f(k) d*k 


, (131.1) 
Q\Q2... An 


where a), a2,... are second-degree polynomials in the 4-vector k, f(k) is a 
polynomial of some degree n’', and the integration is over the whole of four- 
dimensional k-space. 

A convenient method for calculating such integrals, due to Feynman (1949), is 


based on an initial transformation or parametrization of the integrand by the use of 
further integrations with respect to auxiliary variables &), &,...: 


Q\;Q2... Ay (a, + ax€2.+ - ° > + An€n)” 


1 1 
ee ee nt | de... [ ag, ert tt (131.2) 
0 0 


This transformation replaces the n different quadratics in the denominator by the 
nth power of a single quadratic polynomial. 

Eliminating the delta function by integrating over dé, and using new variables 
defined by 


Gp Xncis S2 = Xp Xalis ooo Sant HO Xs 


Err gator et Sai = X15 
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we get as an equivalent form of (131.2) 


] x Xn-2 
| 
etn ax | dx»... ! AXn-1 x 
0 0 0 


*[aiXn-1 + OX, 2— Xn + + a,(1 xy] (131.3) 
When n = 2, this formula becomes 
: d 
a 7 J fax Fala (131.4) 


as can be easily verified. For any value of n, the formula can be proved by 
induction: on carrying out the integration over dx,-, in (131.3), we get on the 
right-hand side the difference of two (n — 2)-fold integrals of the same form. If the 
formula is assumed valid for these, we have 


| | | 1 | 
—@,)|a2a3...a, @);a3...a,]’ 


which 1s equal to the left-hand side of (131.3). 

By differentiating (131.3) with respect to aj, a2, etc., we can derive similar 
formulae which can be used for the parametrization of integrals whose denomina- 
tors contain any of the polynomials in powers above the first. 

The divergent integrals are regularized by subtracting from them other integrals 
of similar form. To determine the difference, it may be convenient first to 
transform the difference of the integrands (each of which is already transformed by 
means of (131.2)) as follows: 


i 
5 ere ee n(a — b) dz 
ne [(a—b)z+b]"" (131.5) 


After the application of (131.3), the four-dimensional integration in (131.1) becomes 


f(k) d*k 
| oF as 


where | is a 4-vector and a’ is a scalar, both of these depending on the parameters 
X1,...,Xn-13 the scalar a? will be assumed positive. 

If the integral (131.6) converges, we can make the change of variables k —1>k 
(a shift of the origin), which gives (with a different function f(k)) 


f gait, 3.7 
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the denominator now involving only the square k?. In the numerator we need only 
consider scalar functions f = F(k’): for integrals having numerators of any other 
form, 


k*F(k’) d*k 
(ke—a)" = 0, (131.8) 
ACE _1 oy, ( RF(k’) d*k 
‘a (k= a)" ~4& (k?— a)" ’ (131.9) 
j tees d*k 
(Ka 


2)? E(k?) d*k 


— a)" 


= sa (ete + ete" + greg) [EP (131.10) 


and so on, as is evident from symmetry on integration over all directions of k. 

In the original integral (131.1), each of the factors a, a2,...in the denominator 
has (as a function of ko) two zeros, which are avoided in the integration over dk 
according to the general rule (§75). After the transformation to the form (131.7), the 
2n simple poles of the integrand are replaced by two poles of order n, which are 
avoided according to the same rule (path C in Fig. 25). By moving the contour of 
integration as shown by the arrows, it can be converted to the imaginary axis in the 
ky plane (path C’). Thus the variable kp is replaced by ikg with ko real. Then, writing 
also k’ for k, we have 


k* = ki-k? > — (ki? +k?) = — ke”, (131.11) 
where k’ is a 4-vector in the Euclidean metric; and 
d*k > id*k’ = ik” dk”) dQ, 


where df is an element of four-dimensional solid angle. The integration over dQ 
gives 27’ (see Fields, §111), and so 


d*k > im’k’'d(k”). (131.12) 


Fic. 25. 
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Putting k” = z, we have finally 


F(k*)d*k | avn, F(- z)z dz 
(Ray 1) ltr “(ztay" | (131.13) 
0 
In particular, 
(-—1)"ir’ 
lets an — 1\(n 2) nee 


The logarithmically divergent part of the integrals (131.7) can be separated as 


| the: ears (131.15) 


It is easily seen that in an integral of this type we can replace k by k+l: the 
difference is 


| ease way 


and is a convergent integral, so that the change k ~k +1 is certainly permissible in 
this integral. On doing so and also changing the sign of k, we get the same quantity 
with the opposite sign, and it must therefore be zero. 

A linearly divergent. integral would have to have the form 


eens, ((k — 1? (131.16) 


but in fact such an integral is only logarithmically divergent: the integrand tends 
asymptotically to k“/(k’)’ as k > and gives zero on averaging over directions. The 
change of origin, however, adds a constant to the integral (131.16). This can be 
shown for the infinitesimal change k > k + Sl, by calculating the difference 


_ k* _ k* +l i 
a= | gcapcar eet Uae 
As far as the first order in Sl, 
eas 4k*(k dl) dl* Go 4 
w= Ga eal ee 


In the first term, averaging over directions replaces the numerator by k’Sl" (cf. 
(131.9)), and hencet 


4 
= a’ l¢+ ley = —}jq? SI". (131.18) 


+t The corresponding result for finite | can be obtained by more laborious calculations. 
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In the final expressions for the radiative corrections there is frequently a 
transcendental function defined by the integral 


g 
F(é) = [eS a, (131.19) 
0 


sometimes called Spence’s function. Some of its properties (given here for 
reference) are | 


F(é) + F(1/E) = 7° +} log’ &, (131.20) 
F(— &)+ F(— 1+ €) = —7’ + log € log (1 — &), (131.21) 
FQ) =t7’, F(-1)=—ém’. (131.22) 


The expansion for small € is 


F(é) = €-32 +58 —E4+-°-. (131.23) 


CHAPTER XIII 


ASYMPTOTIC FORMULAE OF QUANTUM 
ELECTRODYNAMICS 


§ 132. Asymptotic form of the photon propagator for large momenta 


THE first-order term (with respect to a) in the expansion of the polarization 
operator (k’) has been calculated in §113, and it was found that for |k’| > m7? this 
term is, with logarithmic accuracy, 


2 
P(k?) = = k? log ey (132.1) 


It was also mentioned that the derivation of this formula (as a first-approximation 
correction to the propagator 47D~' = k*) assumed the condition 


2 
# tog} <1, (132.2) 


which placed an upper limit on the permissible values of |k’|. We shall now show 
that the expression (132.1) is in fact valid also with the much weaker condition 


re k? 
* tog KY] < 1. (132.3) 


The proof is as follows.t We first note that, although in principle the condition 
(132.3) allows contributions to P(k’) from the terms of all orders (in a) in the 
perturbation-theory series, in every order n only the terms ~a" log"(|k|?/m’) need 
be considered, which contain the large logarithm in the same power as a; the terms 
containing lower powers of the logarithm are certainly small, since a <1. 

The analysis of the perturbation-theory series for P can be reduced to that of 
the series § and I, using Dyson’s equation 


P(k?) =i - ete | y.G(p + k)F*(p +k, p; Kan) GPa. (132.4) 


see (107.4). Since the function P(k’) is gauge-invariant, it can be calculated with 
any gauge for 4 and I’. The most convenient here is the Landau gauge, in which the 


+t This formulation and conclusions are due to L. D. Landau, A. A. Abrikosov and I. M. Khalatnikov 
(1954). 
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free-photon propagator has the form (76.11): 


Dyotk) = FF (gu —“33") (132.5) 


(D® = 0 in (103.17)). It is found that in this gauge the perturbation-theory series for 
@ and I’ do not contain any terms with zero power of the logarithms. In (132.4) it 
is therefore sufficient to substitute the zero-order approximations = G,T* = y*, 
obtaining 


4 
P(k?) = i TS ty | y,G(p + Wy'Go) sa (132.6) 


This is the Feynman integral corresponding to the diagram (113.1) of the first 
approximation (with respect to a), and leads (after appropriate renormalization) to 
(132.1). 

In order to prove the foregoing statements, let us first examine the origin of the 
logarithm in the integral (132.6). It is easily seen that the logarithmic term comes 
from the range of integration 


p?>|k?| when |k?| > m?: (132.7) 
formally expanding G in powers of 1/yp, we, have 


G(p) ~ 1/yp = yp!p’, 
G(p — k)= 1/(yp — yk) 


1.1 1.1.41 
= — + — yk — + — yk — yk — 
yp yp’ yp. yp yp. yp 


_ YP , (yp yk)(yp) 

=e (p*) 7 
fe (yp yk yp Myk (yp) 
(p*) 


On substitution in (132.6) the first term, which is independent of k, is removed by 
regularization (in accordance with the condition P/k? 0 when k?—>0); the second 
term gives zero on integration over the directions of p; the third integral is 
logarithmically divergent with respect to p’, and on taking it from p’ ~ |k?| (the 
lower limit of the range (132.7)) to some ‘‘cut-off parameter” A’ we get 


ae: 


A> 
2 
3m k log lh 


132.8) 
ie 
In regularizing, we have to subtract from 9/k’ its value for k?=0. But, since 
logarithmic accuracy presupposes the condition {k’|>m’, in calculation to this 
accuracy the regularization is achieved by subtracting the value for |k’| ~~ m?, and 
A’ in the argument of the logarithm is replaced by m?, giving (132.1). 
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Since the desired corrections to and I’ are logarithmic, their inclusion makes 
these quantities differ from G and y’ by slowly varying logarithmic factors. In the 
exact integral (132.4), therefore, the important range will be the same one (132.7) as 
in the approximate integral (132.6). However, we cannot simply put k =0 in 
T*(p +k, p; k): since the integral is quadratically divergent, its regularization in- 
volves also the next two terms in the expansion of I'"(p +k, p; k) in powers of k. 
Here we shall consider only the corrections to ['*(p, p; 0), which show sufficiently 
clearly the importance of the choice of gauge and the difference in the nature of the 
integrals arising from diagrams of different types. It may also be noted that a 
similar analysis of is not needed, since the corrections fo I and & are related by 
Ward’s identity (108.8). 

The first-order correction (with respect to a) to I'(p,p;0) corresponds to the 
diagram 


ko 
P, Pi 
p a ) 
and hence to the integralt 
PH = ia | YG@dy*G(P)y'D-@ — Pdd'pilny (132.9) 


In the ordinary gauge, 


Dy. (Pp — Pi) = Ba ° 4rl(p — pi)’, 


and the important range in the integral is p?>p’, where it is logarithmically 
divergent. On calculating the integral 


Pe ax - 4rai | PY SP YA se (132.10) 


and regularizing the logarithm, we get 


Z 
ww _ &% p 
r ree | log 


In the Landau gauge, (132.10) is replaced by 


re = ~ Arai | {y* (yp y" (yp ya — Pty" d‘pil(p3y rm). 


+ To avoid misunderstandings in a comparison with the results of §117, we may note that in §117 the 
two electron ends of the diagram were assumed to be physical, whereas here we assume that 
p’>|k?|> m’, and these two lines are therefore certainly non-physical. 
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Averaging over the directions of p; and reducing the matrices y, we find that this 
integral is zero and the logarithmic term in I“ disappears.t 
In the second-order corrections (with respect to a) we take the diagram 


The corresponding integral is 


eta ft y‘G(p2)y’G(p1)y"G(pi)y’G(pr)y” X 
x D,,.(P2— P1)Dio(p ~ pr)d*pid‘p2/(27)*. 


In the ordinary gauge of the D functions, this integral includes a term in which the 
logarithm is squared, arising from the range of integration 


pi> p> p’: (132.11) 


when p> is neglected in the argument of D,,(p.—p,), the integration over d‘p, 
becomes the same as in (132.9) and gives log p3, and the subsequent integration 
over d‘p, is likewise logarithmic, giving log’(p3/m’*). When the Landau gauge is 
used for the D functions, however, the logarithmic terms disappear from both 
integrations. 

A similar situation occurs for all the other diagrams in the skeleton diagram 


(132.12) 


Diagrams of other types, with intersecting photon lines, for example those in the 
skeleton diagram 


on (132.13) 


+ The corrections to G~' in both gauges, as derived from the correction I“” by means of the identity 
(108.8), are of course in agreement with the results of §119. 
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(cf. (106.11)), do not in any gauge contain terms involving the necessary power of 
the logarithm; there is no range of the variables in which the integral reduces to 
several successive logarithmic integrations. 

These arguments, and similar ones for the subsequent terms in the expansion of 
I in powers of k, confirm that in the Landau gauge there are no corrections to 
and IT involving the necessary powers of.the logarithm; thus the expression (132.1) 
is in fact valid even if the condition (132.3) applies. 

The function @(k’) which corresponds to the polarization operator (132.1) is 


_ An 1 ‘ 
B(k’) = l= losde ind logdk/m)" (132.14) 


Because of the condition (132.3), there is no need to expand this expression in 
powers of a. 


§ 133. The relation between unrenormalized and actual charges 


The applicability of (132.14) is, however, limited on the side of large |k’|, 
because the denominator decreases. The derivation of that formula was based on 
neglecting the diagram (132.13), and others with even more intersecting thick photon 
lines, in comparison with (132.12). But each such added line brings into the diagram a 
factor e?@, with D the exact propagator. The small parameter is then not a = e” but 


a 
1 = (a/37r) log(|k?|/m’) = ai 


When |k’| increases and this quantity becomes comparable with unity, the small 
parameter essentially disappears from the theory. 

The resulting situation can be more clearly understood if the renormalization in 
the derivation of (132.14) is made not ‘‘en route’ but through the use of an 
“intrinsic” electron charge e,, which will here be chosen so as to give the correct 
value of the observed physical charge e (§110). If the integral is ‘“‘cut off’, as was 
done previously, at some upper limit A’, the intrinsic charge is a function e,(A’) and 
the limit Ao must finally be taken. 

With this treatment, the polarization operator is 


Pe 
P(k?) = aE k? log Te 


(the expression (132.8) with e, in place of e), and therefore 


_ 4a l 
Dk) = 72 Tym log ATED (133.2) 


Now determining the physical charge e from the condition 


e?D(k*) > 47re?/k?, when k?> ~m’, 
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we have 


2 
ee €c 
~ 1+ (e2/32) log(A2/m?)’ a) 


Or 


ees Ta(esw) les) iene) 


If we formally take the limit A > = in (133.3), then e’—0 whatever the form of 
the function &(A). This “‘zeroizing’’ of the charge means, of course, that no 
rigorous renormalization is possible. The limit cannot be taken, however, without 
violating the assumptions made in deriving (133.3). It is seen from (133.4) that, as A 
increases (for a given value of e’), e2 also increases; and the formulae cease to be 
valid even when e? ~~ 1, since their derivation is based on the assumption that 


e<l (133.5) 


as the condition for perturbation theory to be applicable to the “‘intrinsic”’ 
interaction. The failure of the inequality (133.5) to be satisfied as A increases is of 
fundamental significance. It shows that quantum electrodynamics is logically in- 
complete as a theory that is based on weak interaction. This essentially implies that the 
existing theory as a whole is logically incomplete, since its entire formalism is based on 
the possibility of treating the electromagnetic interaction as a weak perturbation. All 
the quantities calculated by the theory are found as series in powers of e2, which are in 
fact asymptotic series. In order for them to have a definite meaning when e? is not 
small, further arguments would be needed which do not follow from the general 
principles of the existing theory. 

It must also be emphasized, however, that in quantum electrodynamics these 
difficulties cannot be more than theoretical ones. They arise at enormous energies 
that are of no practical significance.t We may expect that in reality the elec- 
tromagnetic interactions will very much sooner be “merged” with the weak and 
strong interactions, so that pure electrodynamics is no longer meaningful.¢ 

To conclude this section, we shall show how formulae (133.3) and (133.4) can be 
derived by simple arguments based on the significance of renormalization and on 
dimensional reasoning (M. Gell-Mann and F. E. Low, 1954). 

Let us consider the square of the unrenormalized charge as a function of the 
cut-off parameter, e2(A’), and define a function d as the ratio of the values of e2 for 
two different arguments: e2(A3) = e2(Aj) d. When A}, A3>m, the function d is 
independent of m and, being dimensionless, can depend only on the likewise 


+ For example, the equation (a/7r) log(e’/m’) = 1 is satisfied when e€ ~ 10°m. 

+ The opposite situation occurs in theories where the interaction between particles is mediated not 
by the electromagnetic field but by Yang-Mills fields. The relation between the renormalized and 
unrenormalized charges in such theories is given by an expression of the type (133.4), but with the 
opposite sign in the denominator, so that, for a given value of e’, the unrenormalized charge e? 
decreases with increasing A. This is called asymptotic freedom of the theory. Such a theory is, of 
course, fundamentally different from the theory with zeroized charge. 
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dimensionless quantities e2(Aj) and A3/Aj: 
e2(A3) = e2(Aj) d[ez(Aj), A3/Ail. (133.6) 


From this functional relation, we can derive a differential equation, by writing it 
for infinitesimally close values of Aj and Aj. Denoting Aj by & and putting 
A3 = & + dé, we obtain for a,(&) = e2(Aj) the differential equation 


da, = $(a,)d€é/€, (133.7) 
with 
b(a,) = a, [dd(ac, x)/OX]=15 (133.8) 


we have used the fact that d(a,, 1)=1, from the definition (133.6). Integration of 
(133.7) from & = Aj to € = Aj gives 
e2(A3) 


log(A3/A2) = | dalp(a). (133.9) 


e2(A}) 


Throughout the range of integration, e2 is small. We can therefore use for $(a) 
the expression corresponding to the first approximation of perturbation theory. The 
correction to the unrenormalized charge e2 is e2k’P(k*). Taking the first ap- 
proximation (132.1) for the polarization operator, we find 


d(a,, A3/A4) = 1+ (a/37) log(A3/A}), 6(a-) = a2/37, 


_and the integration in (133.9) then gives 


1, A} 14 
3q7 8 A? = OKAY eX Az)’ (133.10) 


As Aij-»>~m’, the unrenormalized charge e,.(Aj) tends to the actual charge e, and 
(133.10) then agrees with (133.3) and (133.4).t 


§ 134. Asymptotic form of the scattering amplitudes at 
high energies 


Let us consider the asymptotic form (at high energies) of the amplitudes and 
cross-sections for two-particle scattering processes (f+2—73+ 4). For the basic 
electrodynamic processes in the first non-vanishing approximation (with respect to 
a), this problem can be solved by means of the specific formulae derived in the 
preceding chapters, which are valid at all energies. Here, however, we shall discuss 


t The renormalization group method based on the functional properties of propagators and vertex 
parts is systematically developed in the book by Bogoliubov and Shirkov cited at the end of § 112. 
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the question from a more general standpoint, which enables such asymptotic forms 
to be derived directly. 
As in §66, we use the invariants 


s= (pi + pr)’, t=(p, — ps)’, u = (pi- Da)’, (134.1) 


with p, + p2 = p3+ pa; the notation corresponds to reactions in the s channel, which 
will be considered here. In the ultra-relativistic case, when the energies are much 
greater than the particle masses, the energies of the two particles in the centre-of- 
mass system are approximately equal. We denote by e the sum of the energies of 
the colliding particles, and then have, in the centre-of-mass system, p, = (je, Pi), 
P2 = (2€, —pi), Ps = Ge, ps), ps = Ge, —ps), pi = ps = 4e°, with 


s=e’, t=—4s(1—cos 6), u = —35(1+ cos 6), (134.2) 


6 being the angle between p, and p. 

Let us first consider the asymptotic form of the reaction cross-section for a 
fixed value of the scattering angle @. Then all three variables s, t and u are 
proportional, and tend to infinity together. In the ultra-relativistic case, the particle 
masses Cannot appear in the result, and the only quantity having the dimensions of 
length is l/e (=fc/e). Hence it follows from dimensional arguments that the 
differential cross-section for two-particle reactions decreases with increasing 
energy in the asymptotic form 


daldo «1/s as s,|t\, |u| >. (134.3) 


If the cross-section is related not to the solid-angle element do but to the 
differential dt, we have, since do « dt/s, 


da/dt « 1/s’. (134.4) 


The cross-section is expressed in terms of the scattering amplitude (in the ultra- 
relativistic case) as do/do «|Myi|"/s; see (64.22), (64.23). The law (134.3) therefore 
means that in the asymptotic limit the scattering amplitude is independent of s: 


M,;; = constant. (134.5) 


It is clear from the manner of the derivation that these results apply not only to 
the first non-vanishing approximation of perturbation theory, but also to higher 
approximations (those taking account of radiative corrections), if logarithmic 
factors (of the form logs/m’).are ignored; the dependence on dimensionless 
logarithms cannot, of course, be determined from dimensional arguments.t 

A different situation arises if s increases with t fixed, 1.e. with a fixed square of 
the momentum transfer. This is scattering through small angles, which decrease as 


+ The summation of series containing logarithmic corrections may lead to an exponential depen- 
dence on the logarithms, which changes the exponent in the power law. This change is, however, small if 
a is small. 
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the energy increases: 
5 >, |t| ~ s@? = constant, 6 ~ (|t|/s).. (134.6) 


In such a case, dimensional arguments allow us to establish only that the combined 
power of 1/s and 1/t in do/dt is 2, and in the amplitude M,, zero.t Hence, to find 
the part of the cross-section that decreases least rapidly with increasing s, we have to 
separate the factor that has the greatest power of 1/t. Such factors arise only if the 
Feynman diagram can be divided into two parts between the ends 1,3 and 2,4 by 
cutting the lines of virtual particles. The total 4-momentum of such lines is p; — ps, 
and this leads to the factor that depends on t = (p;— p;)’. Thus the asymptotic form 
of the diagram in the range (134.6) depends on the nature of the possible cuttings of 
diagrams in the t channel. 
Similarly, the asymptotic behaviour in the range 


s—>o, |u|~ s(m7— 6) =constant, | — 6] ~ (lul/s)?, (134.7) 


corresponding to scattering through angles close to 7, is governed by the nature of 
the possible cuttings of diagrams in the u channel, i.e. between the ends 1, 4 and 2, 3. 

The simplest example is electron-electron scattering, described by the two 
diagrams (73.13) and (73.14). The first of these allows cutting in the t channel at the 
virtual photon line, and it determines the asymptotic form of the scattering amplitude 
in the range (134.6). The virtual photon line corresponds to a D function that is 
proportional to 1/t. The asymptotic forms of the amplitude and the differential 
cross-section are 


M; « s/t, do « dt/t’. (134.8) | 


In the limit (134.7), close to the backward direction, the asymptotic form is deter- 
mined by the “‘exchange’’ diagram (73.14); in that limit, 


My « s/u, do « du/u’. 


For mutual scattering of different particles (electron and muon), there is no 
exchange diagram, and so the cross-section for scattering through angles @ ~ 7 
decreases in accordance with (134.3) and (134.4).4 

We shall show that these results for the asymptotic behaviour of electron- 
electron scattering are unaffected by the inclusion of radiative corrections. To do 
so, let us consider the corrections of various orders to the diagram (73.13). 

It has already been shown that the diagrams which are corrections to the 
internal D function (see (113.11)) or to the vertex parts (see (117.1)) lead only to 
logarithmic corrections in the amplitude; they do not alter the power law (134.8). 
We shall show that the same is true of the diagram allowing cutting at two (not one) 


+ These arguments.assume a constant |t| > m’. The results thus obtained remain valid, as regards the 
dependence on s (i.e. on the energy), even when |t|~ m’. 
¢ All these statements are, of course, in accordance with the results of §81; see (81.11) and Problem 
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internal photon lines: 


| 
eae oe (134.9) 


The scattering amplitude corresponding to this diagram differs from that cor- 
responding to (73.13), in that the factor 1/t is replaced by 


(y(pi+ q))(y(p2— q)) d‘q 
(pi+ q)'(p2- 4)'q'(p3— Pi- q) 


followed by integration over d‘q. The important range of integration is the one 
which gives rise to the lowest power of 1/s. For this, q must always be small in 
comparison with p, and p>. Rejecting the terms which are then small (and also the 
terms p; = p} =m’), we can rewrite this expression as 


(yp 1)(yP2) d'q 
(piq\(p2q)q'(p3—pi-qy 


The denominator does not contain s if qo and q, (with the x-axis along p; = —p)) are 

« 1/V’s; q, and q, may be « V|t|; then the range of integration « 1/s. The order of | 
magnitude of the numerator is p,;p,«s. Thus the replacement of one internal 
photon line in the diagram by two does not affect the dependence of the diagram on 
s (for a given t).f That is, the contribution of the diagram (134.9) to the scattering 
amplitude has the same asymptotic behaviour (134.8) as that of the principal 
diagram. The position is unaffected by adding other parallel internal photon lines in 
the diagram, and also by including corrections to the internal electron lines. 

This is a general result: any diagram which can be cut in the ¢t or u channel into 
two parts across any number of internal photon lines corresponds to an amplitude 
contribution which has the asymptotic form M,;; « s/t with t constant or s/u with u 
constant (V. G. Gorshkov, V. N. Gribov, L. N. Lipatov and G. V. Frolov, 1967; H. 
Cheng and T. T. Wu, 1969). 

As a second example, let us consider Compton scattering described by the two 
diagrams (74.12). These do not allow cutting in the ¢ channel, but the second 
diagram can be cut in the u channel at an internal electron line. In the notation of 
the present section, it is 


P-—-+. —- + a 
f°.-°, (134.10) 
ce ea aaa de 


This means that the scattering is largely concentrated near the backward direction, as 


t Let us mention again that only power-law asymptotic forms are under consideration, and so we 
need not take account of logarithmic divergences in the integrations. Diagrams of the form (134.9) will 
be further studied in §137. 
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already noted at the end of §86; see (86.20). To find the asymptotic behaviour in 
this range, we note that the factor G corresponding to the internal line in (134.10) is 
in order of magnitude 1/y(p;— ps) * 1/V|u|. Hence the scattering amplitude Mj « 
o(s/|ul)?: this includes a factor a because the diagram (134.10) is of the second 
order. The differential cross-section is therefore da/du « a*/|u|s. The integral of this 
expression with respect to |u| is governed by the range |u|<s. The total cross- 
section then decreases with increasing energy as o “<a’/s, or more exactly o « 
(a?/s) log(s/m’); cf. (86.20).t 

For this process, however, radiative corrections alter the asymptotic behaviour. 
The change is due to sixth-order diagrams of the type 


Bi pga eee “P 


ho (134.11) 


In the t channel, these allow a cut across two internal photon lines, and therefore 
contribute to the amplitude, with asymptotic form M, «a’s/t; the factor a’ 
corresponds to a sixth-order diagram. When s is sufficiently large, this part of the 
amplitude becomes the principal one, and the differential cross-section 1s 
then 


da/dt « a°/t?’. 


The integral of this expression with respect to t is governed by the range of small 
|t|~ m’, i.e. by the range of scattering angles 6 ~ mV‘s; note that the scattering is 
now mainly forward, not backward. The total cross-section then no longer 
decreases with increasing energy: 


a <a®/m? = a'r. (134.12) 


The decreasing part of the cross-section becomes comparable with this constant 
part when e = Vs « m/a’. 

A similar situation occurs for photon-photon scattering. In the first non- 
vanishing approximation, this is described by the ‘“‘square”’ diagrams (127.1), which 
can be cut across two internal electron lines. Integration is carried out with respect 
to the 4-momentum of these lines in the diagram; momenta ~Vs are important, 
and small values of t or u are not especially significant. The asymptotic form of 
these diagrams for any constant t or u is given by (134.5): My = constant « a*. The 
total cross-section decreases with increasing energy: o « a‘/s (cf. (127.23)); angles 
close to zero or 7 have no special significance here. In the eighth order, however, 
there are diagrams which can be cut (in the t or u channel) across two internal 


+ The exact form of the dependence of the cross-section on |u| or |t} when these are < m’ cannot, of 
course, be ascertained from the arguments given here. It is assumed that the integral with respect to |u| 
or |t| converges at values ~ m’. This is in fact so for all processes except elastic scattering of charged 
particles. 
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photon lines, for example 
te. = 2 
oe is) eee 


These diagrams give an asymptotically constant cross-section: a « a’/m? when 
Vs >mla’.t 

The asymptotic constancy of the total cross-section is a characteristic property 
of scattering processes whose diagrams can be cut (in the t or u channel) across 
internal photon lines. It occurs even when more than two particles are present in 
the final state of the reaction. 


(134.13) 


§135. Separation of the double-logarithmic terms in the 
vertex operator 


The corrections having the form (aL)" (where L 1s the large logarithm) can 
become important only at enormous energies, as already mentioned at the end of 
§133, and therefore are of purely theoretical significance. But there are also much 
larger corrections, of the form (aL’)", in the amplitudes of actual scattering 
processes. Such terms, containing the square of the logarithm to the same power as a, 
are called double-logarithmic terms. 

The characteristic expansion parameter in the double-logarithmic corrections is 


(a/ 7) log*(e?/m’), (135.1) 


where ce denotes the energies occurring in the problem (for example, the total 
energy of the colliding particles in the centre-of-mass system). The condition for 
perturbation theory to be valid is that this quantity be small; it ceases to be satisfied 
at energies 


e ~ m exp[}V(a/a)] ~ 3 x 10m. (135.2) 
Let us now try to avoid this limitation and derive formulae valid when 
(a/ ar) log’(e?/m2) S 1. (135.3) 


This clearly requires the summation of an infinite series of corrections in all powers 
(aL’)". 

The double-logarithmic corrections occur in cases of two kinds. One in- 
cludes scattering through a fixed finite angle; as has been shown in §134, the 


+ The cross-section for coherent scattering of a photon in the field of a nucleus is asymptotically 
constant even in the first non-vanishing approximation, described by ‘‘square”’ diagrams in which two 
ends are external-field lines; see (128.7). In reality, however, these diagrams would have to be 
represented in the form (134.11), the upper continuous line being the nucleus line. The external-field 
lines then become internal lines in the diagram, and the reason for the asymptotically constant form 
becomes evident. 
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cross-sections always decrease in the asymptotic high-energy range. In such cases, 
the double-logarithmic corrections are closely associated with the infra-red diver- 
gence. These cases include, in particular, elastic scattering of electrons in an 
external Coulomb field; the first double-logarithmic correction to the cross-section 
has been found in §122. The present section and §136 deal with the complete 
determination of these corrections, under the condition (135.3). 

The other class of cases includes reaction cross-sections which decrease with 
increasing energy for a given square of the momentum transfer, i.e. for scattering 
angles which asymptotically approach zero or 7; as shown in §134, this occurs for 
processes whose diagrams cannot be cut across internal photon lines in the t or u 
channel. Here, the double-logarithmic corrections are not connected with the 
infra-red divergence. As an example of this, we shall discuss in §137 the problem of 
backward (u = constant) electron—muon scattering. 

First of all, with the condition (135.3) the single-logarithmic corrections are 
~(al7) log(e?/m’) Ss V(al/a) <1 and can therefore be omitted. Since the double- 
logarithmic corrections do not appear in and Q, the latter functions can now be 
taken as simply equal to their unperturbed values G and D. 

The calculation of the vertex operator IT involves the summation of the 
double-logarithmic terms which arise from an infinite sequence of diagrams. This 
problem will be analysed in §136, but first a method will be described for separating 
the double-logarithmic terms in the various Feynman integrals before actually 
performing the integrations over all the variables in them (V. V. Sudakov, 1956). 

Let us consider the first-order correction (with respect to a) to the vertex 
operator, represented by the diagram (117.1), which is here conveniently taken 
(with a renaming of the variables) in the form 


(135.4) 


or, analytically, 


v 


u(1) eee ie? Y (yp2— yf + m)y"(ypi— yf + m)yd°f 
Per (Px Pas @) roa —fy—m? + i0l(p, m? + iOl{f? + i0} 


[(p2 a 3 ile 


(135.5) 


We shall assume that 
lq*|> pt, p3, m?’, (135.6) 


and that the ends p,, p2 may be either physical or virtual. From (135.6) it follows 
that 


|P1P2| ~ 41q7| > pi, p3, m2, (135.7) 
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i.e. the 4-vectors p, and p2 have large components but small squares; this is 
possible because the four-dimensional metric is pseudo-Euclidean. The double- 
logarithmic terms in fact occur when the conditions (135.6) are satisfied. 

We shall see below that relatively small values of f are important in the 
integration over d*f. We can therefore neglect f in the numerator of the integrand, 
and I” becomes 


> 2 
pe = aa y’(yp2t+m) y"(ypitm) yIh, (135.8) 
where 
I a’ 135.9 
ee I OP nn A 
oress —m*+ iO}{((pi — f)’ — m* + iOj[f* + i0) ( ) 


The matrix factor in (135.8) can be simplified by using the fact that when I 
appears in diagrams it is always, in effect, multiplied by the matrices (yp2+m) and 


(yp, +m): 


(yp2+ m)I (yp; +m). | (135.10) 


For, if the lines p,; and p> are virtual, these factors come from G(p,) and G(p2); if 
the lines correspond to real electrons, I is multiplied by a and u,, and Dirac’s 
equations show that 


+ + 
yP27Tm u, = 22 Lia 


Wo=u 
i 2" Im’ 2m 


Interchanging the order of the matrix factors and neglecting at each stage, in 
accordance with (135.7), the squares p?, p3 and m? in comparison with p, p2, we get 


2 
le 
(yp. + m)P*(yp,+ m) = — 3 (Pip2)(yp2+ m)y"(ypi + mI. 


We can therefore put I” in the final form 
r+ = (je?/2a°) y“tl,, (135.11) 
where 
t= q?>= —2(p:p>). (135.12) 
The integral I, converges when f is large, and therefore need not be regularized. 


The main point of the subsequent calculations is the introduction of new and 
more convenient variables of integration. Let f be resolved into components 
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tangential and normal to the p,p2 plane: 


f= up. + vprt fi 
=fit fi, (135.13) 
fipi=fip2= 9. (135.14) 

As new. variables, we take the coefficients u and v and 
p=-fi. (135.15) 


It is evident from the conditions (135.7) that the metric in the p,p2 plane ts 
pseudo-Euclidean. The time axis can therefore be taken in this plane, so that f, is a 
space-like 4-vector and p > 0. 

Let the indices 0 and x temporarily denote the components of 4-vectors in the 
PiP2 plane; y and z those in the normal plane. To transform the 4-volume element 


d*f = d’f.d’f, 
to the new variables, we write 


d’f, =|f,| dlf,| dd 
=4dpdo— m dp 


(since the integrand in (135.9) is independent of the angle @). Also 


2f. d(fo, = 
d f= | a(u, v) du dv 
= [P 10P 2x — PrP 1.| du dv 


= 4q?| du dv, 
since p3 is small, so that p3, ~ py and 
(P1oP2x — P20P 1x)” ~ (P10P 20 — PoxPix)? 
= (pip2)’ = Gq’y’. 
Thus 


d*f =4|t| du dvud’f, 
~» }a|t| du dv dp. (135.16) 


The calculations now depend on the relation between p{, p? and m’; two cases 
will be considered. | : 
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VIRTUAL ELECTRON LINES 


Let the momenta p, and p2 correspond to virtual electrons, with 
|p il, [p3| > m?. (135.17) 


We shall see that the most important range of integration, which leads to a 
double-logarithmic expression, is in this case given by the inequalities 


0<p <tul, |tvl, 
[pi/t| <|v| <1, |p3/t|<|u| <1. (135.18) 


Accordingly, in the denominator of the integrand in (135.9) we can neglect m’, pj, 
p3 and f? in comparison with (pif) and (p2f): 


_ d* 
ae J D(paf)- 2p if? + 10)" pepe) 


The quantities pif, p2f and f’ are given by 


f? = (up, + vp.) — p = — fuv — p, 
2(pif) = 2pi(up,; + vp2) = — to, 
2(pof) = — tu. 


Then 


__7 {__dp_ _ du dv 
" 2|\t|J pt+tuv-i0 uv’ eae) 


In accordance with the conditions (135.18), the integration over dp is taken from 
0 to the smaller of |tv| and |tu|; the result is 


min (jtul, |tv|) 


l }4 to when tuv <0, (135.21) 


pO ional tian a 
p + tuv —i0 foe aun |u|’ |v] 0 when tuv > 0. 


The logarithmic integration over dv is taken from —1 to —|p;/t| and from |pj/t| to 1 
(and similarly over du). When (135.21) is substituted in (135.20), the integral of the 
first term over dudv is zero, because the integrand is an odd function. The 
integration of the second term is carried over ranges of u and v having the same 
sign when t <0 and opposite signs when t > 0. In either case the ranges v >0 and 
v <0 give the same contribution after integration over du, and the result is 


1 

_ in?’ Y du dv _ in’ 5 F | 

n=.2 | : | 2 =F Jog | | log “1, (135.22) 
\pqit| \p5/t| 


the sign being the same as that of t. 
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Finally, substituting in (135.11), we get 


2 

(1) a, ee eee q 
P*'"'(p2, Pis ) a7 Y log > (135.23) 

|a7| > pil, |p 3] > m?. 
PHYSICAL EXTERNAL ELECTRON LINES 
Now let the momenta p, and p2 correspond to real electrons, so that 
pi=pi=m’. (135.24) 
Then the important range of integration is 
0<p <|tul, |tvl, 

0<|v], |u| <1. (135.25) 


Since pi— m’= p}— m’*=0, we can neglect p? and p3 in comparison with pif and 
p2of, and again bring the integral (135.9) to the form (135.19). To eliminate the 
infra-red divergence which then occurs, however, we must apply a finite photon 
mass A <m in the photon propagator (cf. §117): 


h=| pf) TOT rea ae. 


In this case 


f? = —tuv—p, 
2pif =~ —tv+2m7u, 
2pof ~ —tut+2m’v, 


and hence 


du dv 
— aI4 ey ear rar Cael eT ERT, 


= (135.27) 
where t = 2m?/t <1. 
After the integration over dp, similarly to (135.21), we obtain 


in? du dv 


=~ oi u-—Tov—TH’ 


the integration being subject to the condition tuv + 47<0. The ranges v >0 and 
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v <0 again make equal contributions, and the result of the integration over du is 


_ in? du 
laa J | (u — tv)(v — TH) 


75 — v? dv 
© oe gages GomaG i) i (135.28) 


where 5 = A’t, |5| <|z|, and we have used the inequality |r| <1. 

In the integral (135.28), three ranges of v lead to double-logarithmic 
expressions: (I) [r|<v <1, (II) V(8/r) <v <|r|, (II) V(18) <v < V(8/7). (We 
take the specific case V(8/7) <|r|; the result does not depend on this assumption.) 
With the appropriate approximations in each range, we find 


= iv? 2 t t m 
= © (tog? Hh + 4 tog th tog). (135.29) 


Finally, substituting in (135.11), we have 


rps, pis a) = — Poy" (log 2194 + 410g 4} og ™ my, (135.30) 


in agreement with (117.21). 


§ 136. Double-logarithmic asymptotic form of the vertex 
operator 


When the corrections I” calculated in §135 become of the order of nity, the 
vertex operator has to be found by summation of the infinite sequence of flouble- 
logarithmic terms of all orders in a. This problem can be solved because sucn terms 
arise only from diagrams of a particular type, and the contributions from diagrams 
of different orders are related in a simple manner. As we shall see below, the 
double-logarithmic. terms arise from all the diagrams that have the form 


(136.1) 


§ 136 Double-logarithmic Asymptotic Form of the Vertex Operator 615 


etc., in which each photon line joins the two electron lines, and the photon lines 
themselves may intersect in any manner. | 

Let the photon momenta f,, f2.,... be numbered in the sequence of, say, the 
right-hand ends of their lines. Then the various diagrams of a given order will differ 
in the sequence of the left-hand ends of the photon lines. In each Feynman integral, 
we neglect terms in the numerator and denominator as in (135.5), and then treat the 
numerator in the same way as in the derivation of (135.11). Then the sum of all the 
diagrams having n photon lines, giving the term <a" in T, is 


Te = y"(iat/2m°)"I,, (136.2). 


d*f,...d“fa 


I, =>. | sone pp Oh + pif) Upon... Upafit-: ++ Pawfibs. «fa 


(136.3) 


where the sum is taken over all interchanges (permutations) of the subscripts k in 

the products p2f,; the terms i0 and A? in the denominators are omitted for brevity. 
It is clear that, if the subscripts k in the products p;f, in the sum (136.3) are 

interchanged in any manner, this is simply equivalent to renaming the momenta and 

so does not affect the value of I,. We can therefore extend the summation in (136.3) 

to all interchanges of the factors f, in both p2f, and p;f,, and divide the result by n!. 
We now make use of the important formula 


ee eee Se eee 
pa a,(a,+ a2)... (a; + ant: -+ An) a, a) an’ (136.4) 


where the sum is taken over interchanges of the subscripts 1, 2,...,n.t When this 


formula is twice applied to the sum of integrals, we obtain a product of n identical 
integrals of the form (135.19) (or (135.26)), so that 


I, =— Ii. (136.5) 


Substitution in (136.2) and summation of !™ over all n = 0, 1, 2,... gives finally 
I(p2, pis q) = y" exp(ie?tI,/27°). (136.6) 


In particular, substitution of I, from (135.22) gives the double-logarithmic 
asymptotic form of the vertex operator with virtual external electron lines: 


1 log {23|}. (136.7) 


m ‘ — yh a 
I*(p2, pis q) = ¥ exp | aa log 
|a°|> |pil, |p2| > m? 


(V. V. Sudakov, 1956). 


t The formula is obviously true for n = 2, and can easily be proved by induction. 
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Substitution of I; from (135.29) gives the asymptotic form of the vertex operator 
for real external electron lines: 


2 2 
I (po, pi; q) = y" exp| oe (log? 44 +4 log 4 log aI, (136.8) 


lq] > pi = pi=m’. 
The factor which distinguishes this [ from its unperturbed value y” defines also 


the difference between the amplitude for electron scattering in the external field 
and its Born value. The scattering cross-section is therefore 


2 2 
do = dog exp { — es (es Ia] + 4 log la] log m\t (136.9) 


To eliminate the infra-red divergence, we still have to multiply this expression 
by the sum of the probabilities for the emission of various numbers of soft photons 
with energy not exceeding some small value wmax, i.e. by the quantity (see (122.2)) 


Wmax Wmax max 


1+ | dw, +5 | dw, | dw..+---=exp| | dw, (136.10) 
0 0 0 0 


The integral in the exponential is given by (120.14) (as the expression which there 
multiplies do.;), and the final result is the following asymptotic formula for the 
cross-section for scattering of an electron with energy e« at a high momentum 
transfer: 


- _2e, 1a —.} 
da = doz exp] at log la] log eae (136.11) 
lq7}>m?, (al27) log’(e/m) ~ 1 


(A. A. Abrikosov, 1956). The first-order term (with respect to a) in the expansion of 
this expression is, of course, (122.12). 

Note that, if we put wma ~e, one of the logarithms in (136.11) becomes of the 
order of unity; that is, the double-logarithmic corrections cancel in the cross- 
section for simultaneous emission of photons of any energy.f In the approximation 
used, the exponential factor in (136.11) then becomes unity, and the cross-section 
has its Born value, in agreement with the general statement at the end of §98. 


§ 137. Double-logarithmic asymptotic form of the 
electron—muon scattering amplitude 


As an example of the second kind, let us consider the scattering of an electron 
by a negative muon, taking only the case of scattering exactly backwards through an 


+ For scattering through a finite angle, the condition formulated in §98 for the photon to be soft 
requires only that wmax <e, and so the formulae derived here can be used with logarithmic accuracy 
even when wmax ~ €. 


§ 137 The Electron—Muon Scattering Amplitude 617 


angle 9 = 7 (V. G. Gorshkov, V. N. Gribov, L. N. Lipatov and G. V. Frolov, 1967). 
This is a simple process in two respects. Firstly, exchange diagrams do not appear, 
because the two particles are not identical. Secondly, in back-scattering there is 
very little emission of soft photons, and therefore no infra-red divergence: accord- 
ing to (98.8) the soft-photon emission cross-section is 


t ’ 2 
ap | Sa, es nn 
ad il ee I-v.-n l-ve-n I-v,-n "| 4m w doe, 


(137.1) 


where v,, v, and vi, v, are the particle velocities before and after the collision; in 
the ultra-relativistic case equality of momenta implies equality of velocities, and to 
this accuracy, in the centre-of-mass system, for back-scattering, ve = — Vv, = —Ve= 
v,, so that (137.1) 1s zero. 

If the scattering process considered corresponds to the s channel of the reaction, 
in the t channel it becomes the conversion of an electron—positron pair into ap" ™ 
pair. In this channel the condition 6 = 7 signifies that the directions of motion of e- 
and »” (and of e* and »*) coincide. The elimination of the bremsstrahlung in this 
channel is particularly clear, since the direction of motion of the charge of each 
sign is unchanged. 

The cancelling of the leading terms in the emission cross-section has the result 
that its asymptotic form does not contain double-logarithmic corrections. Cor- 
respondingly, there is (with the same double-logarithmic accuracy) no infra-red 
divergence even on integration over the momenta of the virtual photons in the 
scattering amplitude. 

If the process is described by means of the invariants 


ire (De + P,)’s = (De i po’, u = (De - pi), 
the values corresponding to back-scattering in the ultra-relativistic case are 
s=-t>m?, u=0. (137.2) 


In the first approximation (with respect to a) of perturbation theory, electron— 
muon scattering is represented by the diagram 


tPe—P (137.3) 


The corresponding amplitude is 


M$) a ara (a y"u)(u” yu), (137.4) 


The value of this expression in the limit (137.2) is obtained by replacing the matrix 
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4-vector y” by its “projection” yj on a plane perpendicular to the p.p: plane (or, 
equivalently, the p,p, plane, since in ultra-relativistic back-scattering p, ~ p,, and 
De ~ p,): the components parallel to the p.p. plane are the matrices 


1 ; I 
ATS (ype + yp), we (ype — YP oe) 


(the first being equal to y° and the second to n, - y, with n, a unit vector along Pe); 
and on using Dirac’s equations for the bispinors u and u“), we have 


(a yyu™)(a yu) ay 1/s, 


so that these terms may be omitted. 
In the next approximation we add the diagram 


py {p.-f (137.5) 


and a diagram with the photon lines ‘“‘crossed”’, which is conveniently taken in a 
form which differs from (137.5) only as regards the direction of one of the 
continuous lines: | 


‘ 
f-p’ ~f{ 
Pf om (137.6) 


An analysis of the corresponding integrals shows that in both diagrams we have 
double-logarithmic contributions from the regions of ‘“‘soft” virtual photons: |(f — 
pe)'|<m? or |(f — p2"|<m?2. These contributions arise from the infra-red diver- 
-gences of the integrals and, according to the foregoing discussion, must certainly 
cancel here. In the diagram (137.6), however, there is a double-logarithmic con- 
tribution also from large momenta: |f*|> m2, and this contribution must be cal- 
culated. 

The diagram (137.6) corresponds to the integral 


»  _ ia? f(a" y"(yf +me)y uae’ y yf + m)yu) a4 
mp= -S| (Ai — mag mip. fy 2 (137.7) 


uMPe _ 
where we we have already used the fact that p, ~ p|,. We again put 
f=up.+vop.t fi (137.8) 


(cf. (135.13)). The double-logarithmic contribution comes from the range defined by 
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the inequalities 
|su|,|sv| > p > m2, 


m2/s <|ul, |v| <1, (er 
where p = —f?. The 4-vector f, is defined so that fp. = f,p:= 0; in the present case 
of back-scattering, it follows that f° = 0 in the centre-of-mass system, and so p = fi. 

In the numerator in (137.7) we can neglect m, and m,, as well as all terms 
containing u or v; the factors u and v there would cancel the corresponding poles 
in the denominator (see below), and so the required squares. of logarithms would 
not occur. Since 


(pi.-fY ~tu~—su, (p.—f)y = —sv, f?=suv—p, 


we can transform the element of integration d‘f in accordance with (135.16) and 
rewrite (137.7) as | 


- 2 —(e)t oy (edae (era (#) 
M? = -, [4 Y (yf J yau tu" Y (fy) du dv df,. 


Su: sv(suv — p + i0) 


The numerator in the integrand is further transformed by averaging over the 
directions of f, and replacing y” and y* by yi and y? (on the same principle as in 
(137.4)). A simple calculation gives 


M? = MP, 


yo ae rol p du dv dp (137.10) 
4a : 


uv (suv — p + i0) 
Finally, using in the numerator the identity p =(p — suv)+ suv, we can omit the 
second term, which would cancel simple poles and therefore give no double- 
logarithmic contribution. Thus 


Qo ia du dv dp 
‘ iat] uv (p — suv — 10)" Cea 


This integral has the same form as (135.20), and the integration over dp can 


therefore be performed in the same manner, but since now p> mz; we have the 
condition suv > m; instead of suv >0. The result is 


yo ae [ dudv (137.12) 
the range of integration being defined by the inequalities 


mjis<u,v<1, suv>mi; 


in the calculation with logarithmic accuracy, the strong inequalities > are replaced 
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by > simply. A straightforward calculation gives 


a) @ 1.02_$ 
J oe log ne (137.13) 


In the higher approximations of perturbation theory, the desired terms 
~a" log’"s arise from “ladder” diagrams similar to (137.6) but with a larger number 


of ‘‘rungs”. The complete. double-logarithmic asymptotic form of the scattering 
amplitude is therefore given by the infinite sum 


Paap Pe or ee ea Sei (RESON Geran tao 
iM, = + aa + a a ee (137.14) 
To determine the general form of the terms in this sum, let us consider the 
diagram for the third approximation (the third term in the series (137.14)). The 


corresponding integral may be written 


Mi? = MIPI®, 


Jj? = (#4) du, dv, duz dv (137.15) 
21 Uj,v,(U; + U2)(v; + V2)’ 


with the range of integration 
2 2 
MLS <Uj2, Vi2<1, SUu,v1, SUzv2 > mM,. 


The double-logarithmic term in this integral can be separated by applying to the 
variables of integration the further conditions 


v2> 01, U.> Uy. (137.16) 


Then 


jy = (s-) du,dv,du,dv, 
277 U,U2V, V2 


= (f) | dé, dy, dé, dm, 


where é = log(sui/m?), n; = —log v;, and the range of integration is defined by the 
inequalities 


&>m &>m o>&.m>0, o =log(s/m;). 


Similarly, the nth term of the series can be written as M$" = M})J™, where 


Io) = (=) | Be dir accdedn (137.17) 


§ 137 The Electron—Muon Scattering Amplitude 621 


with the range of integration 
& > (i =1,2,...,n), o>&, mm > 09. (137.18) 


The total scattering amplitude is 
M, = M{?P [ a> I™%o)], (137.19) 
n=] 


To calculate this sum, we use auxiliary functions A” (€, 7), given by the same 
integrals (137.17) but with ranges of integration 


&>n(i=1,2,....n), €>& >0, n>m>0 (137.20) 


(i.e. with different limits of integration with respect to &, and »,, instead of uniform 
limits as in (137.18)). It is evident that My = M$? A(o, 0), where 


A(é n) = Dy AME, n), A=. (137.21) 


The definition of the functions A” (é, 7) shows that they satisfy the recurrence 
relations 


Am n) = oe | dé,dn, A” (,, m1), 


and summation of this equation with respect to n from 1 to © gives an integral equation 
for the function A(é, 7): 


AGG n)= 14+ [ ACE, nd déidns 
(137.22) 
é:>m, é>&,>0, n>m> 0. 


For the subsequent analysis it will be sufficient to consider A(é, 7) in the range 
£ > 7. Then equation (137.22) can be written 


n € 
AG n)= 143 [ [Aim dé dn. (137.23) 
om | 


Differentiating this with respect to n, we have 


€ 
oACe DW | ACE n) dbs (137.24) 
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and a further differentiation with respect to é gives the differential equation 


Sok = (). (137.25) 


This has to be solved with the boundary conditions 

A(é,0)=1, [dA/dn]e-, = 9, (137.26) 
which follow immediately from (137.23) and (137.24). 

The solution can be found by means of a Laplace transformation with respect 
to &: 
1 
AE n= 505 |e Q(p, 0) dp, (137.27) 
C 

where the contour C in the complex p-plane is a closed curve around the point 


p = 0. Substituting (137.27) in (137.25) and equating the integrand to zero, we have 


pP=ZQ, Q= sper, 


with ¢(p) an arbitrary function. The first boundary condition (137.26) now gives 


we 
o(p)= - + (p), 


with wW(p) an analytic function, having no singularity within C. The second 
condition (137.26) can be satisfied by putting w(p) = —27p/a: then 


0A = a da &(p+a/2ap) es 
alm” amit J dp “ si 


Combination of these expressions with = n =o gives 


a _ ji 2a da ,o(p+al2np) 
A(a, 7) = ai an p dp e dp. 
Cc 


Finally, integrating by parts and using the familiar formula 
I(z)= oo git(P+llp) dp 
ari 
C 


(where I,(z) = —iJ,(iz) is the Bessel function with imaginary argument), we find the 
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scattering amplitude 


My = M®? \25 I, ( a c). (137.28) 


The cross-section for scattering through 6.= 7 is correspondingly 


27 2 
— dl) 2 2a 
do = do a log’(s/m ;) ri( T log ‘ 


(137.29) 
do = (21a’/s’) dt 


being the cross-section in the Born approximation in the ultra-relativistic case (see 
§81, Problem 6).t 


it References to further literature on double-logarithmic asymptotic forms are given in. the review 
article by V. G. Gorshkov, Soviet Physics Uspekhi 16, 322. 1973. 


CHAPTER XIV 


ELECTRODYNAMICS OF HADRONS 


§ 138. Electromagnetic form factors of hadrons 


So FAR, we have been discussing in this book the quantum electrodynamics of 
particles not capable of strong interactions (electrons, positrons and muons). There 
are also many particles known as hadrons,t which take part in strong interactions. 
These include, for example, protons and neutrons with spin 3, pions with spin zero, 
and other particles. Atomic nuclei, which consist of protons and neutrons, are of 
course hadrons also. 

Present-day theory does not enable us to derive a complete electrodynamics of 
hadrons. It is clearly impossible to set up equations which determine the elec- 
tromagnetic interactions of hadrons without taking account of the considerably 
more powerful strong interactions. In particular, the latter must be included in 
order to obtain the explicit form of the hadron current, in order to describe the 
interactions in quantum electrodynamics. The hadron current will therefore be 
introduced as a phenomenological quantity whose structure is determined only by 
the general kinematic requirements independent of any assumption about the 
dynamics of the interactions.+ 

The electromagnetic interaction operator will again have the form 


e(JA), (138.1) 


where the current is now denoted by the capital letter J to distinguish it from the 
electron current j. Since the order of magnitude of this interaction is specified by 
the same elementary charge e, we can again use the methods of perturbation 
theory.§ 

Let us first establish the form of the transition current between two states of a 
hadron in free motion (without any transformation of the hadron itself). This 
current occurs in the three-ended diagram 


\ 
tq 


(138.2) 


Pz P. 


+ From the Greek hadros, “large, massive”. 

Topics of hadron electrodynamics which involve the quark model will not be discussed in this 
book. 

§ In this chapter, e (>0) denotes the unit charge. 
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which itself may be part of a more complex diagram (for example, that for elastic 
electron scattering by a hadron). The broken line in the diagram (138.2) represents a 
virtual photon; it cannot correspond to a real photon, since a free particle cannot 
absorb (or emit) such a photon; and 


q’ =(p.— pi)’ <0. 


If we take first a hadron with spin zero, let u,; and u, be the wave amplitudes of 
the initial and final states of the hadron, in which its 4-momenta are p, and p2; fora 
spin-zero particle these amplitudes are scalars (or pseudoscalars).t The hadron 
transition current J;; between these two states must be bilinear in u,; and u3. We 
can write it 


J = u5T uy, (138.3) 


where the 4-vector [ is an unknown vertex operator (the circle in the diagram 
(138.2)). If we put u; = u.= 1, then J, =T-. 

The conservation of current is a universal property in electrodynamics, due to 
the gauge invariance of the theory. In the momentum representation, it is expressed 
by the orthogonality of the transition current and the photon 4-momentum q = 


P2- P1: 
qJ;i = 9. (138.4) 
Here, this means that I must have the form 
lr = PF(q’), (138.5) 


where P = p,+ p2 and F(q’) is a scalar function of q’, which is the only invariant 
independent variable. Since the type of hadron is unchanged by the transition, 
Pi = p3= M’, where M is the mass of the hadron, and hence Pq = 0. 

The matrix elements (138.3) with I given by (138.5), and therefore the operator 
J, are true 4-vectors. The interaction operator (138.1) is consequently a true scalar. 
Thus the electromagnetic interaction of spin-zero hadrons is necessarily P-in- 
variant. It is also T-invariant. Time reversal interchanges the initial and final 
4-momenta, leaving the sum P = p;+p2 unaltered, and changes the sign of the 
space components of the 4-momenta but not the time components. This is also the 
way in which the components of the 4-potential A are transformed, so that the 
product JA is unaltered. 

The invariant function F(q’) is called the siechomaanele form factor of the 
hadron. The explicit form of this quantity cannot, of course, be established in a 
phenomenological theory, but it is real (in the region q?<O at present under 
consideration), as follows from the same arguments as were used in §116 for the 


—ipx 


t The plane wave is written in the form w = [u/V(2e)]e The normalization to one particle per 
unit volume corresponds (for spin-zero particles) to the normalization of the scalar by u*u = 1, and we 
can take simply u=1 (§!0). In the following we define the transition current with respect to the 
amplitudes ui, u2, in accordance with the notation used in §64. 
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electron form factors: when q*<0, there are no intermediate states which could 
appear on the right-hand side of the unitarity relation, and so the matrix M,; (and 
therefore J;,;) is Hermitian. 

If q =0, the initial and final states are the same, and J;; becomes a diagonal 
matrix element. In particular, e(J°)/2¢e; = eF (0) is the charge density, which is 
equal to the total charge Ze of the particle because of the normalization to one 
particle per unit volume. 

For an electrically neutral particle, F(0) = 0, but it must be emphasized that this 
does not imply a strictly neutral panicle. If a particle is strictly neutral and has a 
definite charge parity, F(q’) =0 for all q’; since the current operator is charge-odd 
(§13), its matrix elements between two states of the same hadron are zero.t 

Let us now go on to hadrons with spin 3. In this case the wave amplitudes u,, u, 
are bispinors, and the hadron current is 


Ji = ol u,. (138.6) 


From the bilinear combinations of &# and u, and the 4-vectors p; and p2, both true 
4-vectors and pseudovectors (satisfying the condition (138.4)) can be constructed. 
Hence the condition of -P invariance of the interaction is not necessarily satisfied, 
and must be imposed separately.t As has been shown in §116, under this condition 
the vertex operator contains two independent and (if q? <0) real form factors. We 
Shall now write it as 


Lee 2M(E= Fa or i Fry” 
— 2M (F. ~ fo Fin \or ~ tm o”’q, 
rm 
= (4M?F. ~ q?Fn) Ya + pr (Fe- Fn)o""Gs (138.7) 


where F,(q’) and F,,(q’) are invariant form factors (M being the mass of the 
hadron). It is easily seen from the equation P? + q* = 4M” and (116.5) that the three 
expressions in (138.7) are equivalent.§ 


+ This does not, of course, mean that such a hadron has no interaction with an electromagnetic field. 
The product of two current operations, J(x)J(x’), is charge-even, and its matrix elements are non-zero 
for transitions between states having the same charge parity. Thus a strictly neutral hadron can scatter a 
photon or simultaneously emit two photons, i.e. can take part in processes of a higher order in a. 

t We shall not consider possible violations of parity conservation in electromagnetic interactions in 
consequence of virtual weak interactions. 

§ The convenience of defining the form factors as in (138.7) (R. Sachs, 1962) will be shown below. In 
the literature, use is also made of form factors F; and F2 defined similarly to f and g in (116.6): 


I’ = Fy" - ft o”'a,. 


These are related to F. and F,, by 


F. = F\+ F.q?/4M’?, Fm = Fi + Fo. 
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The electromagnetic form factors are among the invariant amplitudes defined in 
§70. They may be regarded as the amplitudes of a “reaction” which is (in its 
annihilation channel) the decay of a virtual photon into a hadron and an antihadron. 
The virtual photon is a “‘particle’’ with spin 1. The fact that its decay into two 
particles with spin } must be described by two independent amplitudes is easily 
seen by calculating the corresponding helicity amplitudes (A,A,|S’|A,) (see §69): the 
P invariance means that the four non-zero elements of the S-matrix must be equal 
in pairs: 


(3S']1) = (-2-S'|- 1), 
(2 — 3]S'|0) = (— 33] '|0). 


The requirement of T invariance (or C invariance in the annihilation channel) 
imposes no further relations between these elements. This is connected with the 
fact that the interaction described by the vertex operator (138.7) is necessarily 
T-invariant also (but this does not apply for particles with higher spins). 

When q > 0, the terms of zero and first order (in q) in (138.7) are 


P* = FeO)" ~ 557 [Fm(0) — Fe(O)]o*"a. (138.8) 


Hence it follows (see §116) that F.(0) = Z is the electric charge of the particle (in 
units of e), and F,,(0) — F,(0) is its anomalous magnetic moment (in units of e/2M).t 

So far we have used only form factors in momentum space. This is, of course, 
sufficient to describe the observed phenomena. Purely as an illustration, however, 
we shall give a somewhat more intuitive interpretation of the form factors, 
regarding them as the Fourier transforms of certain functions of the coordinates. 
To do this, it is convenient to take a frame of reference in which P= p, + pp = 0 
(called the Breit frame); this is always possible, since P? > 4M’ > 0. In this frame, 
€;= €)=e, so that P°=2e, and the components of the 4-vector q are q°=0, 
q = 2p. = — 2p. 

For a spin-zero hadron, the transition current in the Breit frame has a particularly 
simple form: 


Dil2e=F(-q), JI=O0. 


From this we see that F(—q’) may be interpreted as the Fourier transform of a 
static distribution of charges with density 


ep(r) =e ap | F(-—q’) e'"'' d’q. (138.9) 


In this sense, the particle is said to have a spatial electromagnetic structure: when 
F = constant = Z, we have p(r) = Z6(r), and the dependence of the form factor on q 


+ For example, the proton has F,(0) = 1, F,.(0) — F.(0) = 1.79; the neutron has F,(0) = 0, Fn (0) = —1.91 
(the magnetic moment being entirely ‘‘anomalous’”’). 
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is interpreted as the difference between the charge distribution and a point charge. 
It must be stressed, however, that this interpretation is not to be taken literally. The 
function p(r) does not relate to any particular frame of reference, since there is a 
different frame for each value of q. 

The Breit frame is the same as the rest frame of the particle, and independent of 
q, only in the non-relativistic limit of small q? <M’, when the change in the particle 
energy in scattering is negligible. The initial and final states of the particle are the 
same in this approximation, and so the transition current becomes a diagonal 
matrix element, with p(r) the actual spatial distribution of charges. For the 
elementary particles, however, the values of |q| for which the form factors vary 
considerably are only slightly less than M. In the non-relativistic limit for these 
particles, we can therefore replace F(—q’) by F(0), i.e. regard the particle as a 
point. The situation is different for nuclei. The mass M of a nucleus is proportional 
to the number A of nucleons in it, and the typical value of |q|~ 1/R, i.e. is 
proportional to A‘? (R being the radius of the nucleus). Hence, for sufficiently 
heavy nuclei, the typical q’<M7’, and so the non-relativistic treatment is per- 
missible throughout the significant range. Thus the concept of the electromagnetic 
structure of the nucleus becomes a quite definite one. 

For a spin-} particle, (138.7) gives in the Breit frame 


M ,- : 
Jiu = (Fe ~ Fn) = (au) + Fn xy") 
= F,(iiy°uy), (138.10) 


Ji Fpiq X (ai2Euy), (138.11) 


ipl 
2M 


where & is the three-dimensional spin operator (matrix) (21.21), and in (138.10) the 
equation 


€(iiay°u) = M(d2u;) 


has been used; this is easily verified by means of Dirac’s equations for u, and ii, 
with Pi = —Pp2. 

The time component of the transition current (138.10) differs from the 
expression for a “point particle’’ (an electron) by a factor F,(—q’). We can therefore 
say that the form. factor F, (called the electric form factor) describes the “‘spatial 
distribution of charge’”’ in accordance with (138.9). 

Similarly, the three-dimensional vector (138.11) can be correlated with. the 
‘‘spatial distribution” of the current density ej(r) = curl w(r), where 


mr) =o | F,(—q?)e'*"" d°q 


is the “magnetic moment density”. Thus the magnetic form factor F, may be 
interpreted as the magnetic moment spatial distribution density, of course with the 
same reservations aS were expressed above with regard to the charge distribution. 
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F,, includes both the ‘“‘normal’’ Dirac magnetic moment and the ‘‘anomalous”’ 
magnetic moment specific to the hadron, the “density” of the latter corresponding 
to the difference F,, — F,. 

It is reasonable to suppose that the singular points of the hadron electromag- 
netic form factors, like those of the electron form factors, occur at real positive 
values of the argument t = q* = —q’. From this we can derive certain conclusions 
as to the asymptotic behaviour of the distribution p(r) (and p(r)) as r>o. The same 
transformation of the integral (138.9) as was applied in $114 to derive (114.4) from 
(114.3) gives the following result for large r: 


p(r)xe%, 


where «3 is the abscissa of the first singularity of the form factor F(q’); cf. the 
footnote to §114. If the nearest singularity is given by the threshold for the 
production of a pair of hadrons (each with mass Mo) by the virtual photon, then 
Ko = 2M. 


§ 139. Electron—hadron scattering 


The formulae derived in §138 can be applied to the elastic scattering of an 
electron by a hadron. Let the initial and final 4-momenta of the hadron be p, and 
ph, and those of the electron p, and p}; then i 


De t+ Pr = Per Ph. (139.1) 


The process is represented by the diagram 


ta (139.2) 


The emission of a virtual photon by the electron corresponds to the ordinary vertex 
operator y, and its absorption by the hadron corresponds to the operator I. 

Let us take the most interesting case, that of a hadron with spin j (for example, 
the scattering of an electron by a proton or neutron). The diagram (139.2) cor- 
responds to the scattering amplitude 


Mi = Amro?  (itey"u, (AAT tt); (139.3) 


in this chapter, the electron charge is —e. The calculation of the cross-section from 
‘this amplitude is essentially the same as the calculations in §81; the operator I is 
conveniently taken in the form of the first expression (138.7). 
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For the scattering of unpolarized particles, the result is 


Be ma’ dt . 
~~ Ts —(M +m) ][s — (M — m) 10°01 — t/4M 


x {FH(s ~ u)?+ (4M2— tt] arTTE F2{(s —u)?—(4M2—1t)(4m2+1)]$, (139.4) 


ed 


where M is the hadron mass and m the electron mass, 


§ = (pe + pr)’, {= q= (p. — ps)’, u = (D. — pi), 
s+tt+tu=2m’?+2M’. 


The following are some limiting cases. 

For the scattering of an electron by a heavy nucleus, an important case is that in‘ 
which the momentum transfer |q| from the electron to the nucleus is small 
compared with the mass of the nucleus, but not small compared with 1/R (where R 
is the radius of the nucleus), so that the nucleus cannot be regarded as a point. In 
this case, the centre-of-mass system approximately coincides with the rest frame of 
the nucleus, the recoil of the nucleus may be neglected, and the electron energy is 
unchanged. Then 


-t= q? <M’, a\dt| = p2dol, 
s— M’*=M’-u=2Me,, 


and formula (139.4) becomes 
ado... 2 ney 2 
do = qs (4e; —q )Fa-q ). (139.5) 


In this approximation, the cross-section has only the term containing the electric 
form factor, and (139.5) corresponds to formula (80.5), which applies to the 
scattering of an electron by a static charge distribution. 

In the scattering of an electron by a neutron at rest, in the same limiting case 
e. <M (where M is the mass of the neutron), the form factors can be replaced by 
their values for q=0, since, as already mentioned, for a single nucleon the 
characteristic ‘‘radius” of the charge distribution is comparable with 1/M.f Since 
the neutron is electrically neutral, F.(0) = 0, and the cross-section becomes 


ee 
do = ap’ bine aia 1] dot 
= ap*(cosec’ 39 + 1) dot, (139.6) 


where p» = (e/2M)F,,(0) is the magnetic moment of the neutron and % is the 


+ The empirical value of the r.m.s. “radius” of the nucleon is about 3.5/M =~ 1/2m, (where m, is the 
pion mass). 
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scattering angle. This formula corresponds to the scattering of an electron by a 
point magnetic moment at rest. 

Finally, we shall give the cross-section for the scattering of an ultra-relativistic 
electron by a nucleon, with |q]/>m. As before, q’ denotes the square of the 
momentum transfer in the centre-of-mass system, and hence the invariant t = —q’. 


In the rest frame of the original nucleon (the laboratory system), we have 
~t ~2(p.p.) = 2e-e{1 — cos 9), 
where e, and e% are the initial and final energies of the electron, and % is the 


- scattering angle in this system. In the ultra-relativistic case, e, is related to 0 by the 
same formula as in the scattering of a photon (cf. (86.8)): 


oe ae she cose): 
Ee & 


Hence 


4e2 sin? 50 


~E* T¥ Qed) sin? 9" on 
djt| = € ¢doe (139.8) 
me TL + (Qe M) sin? § O87” 


where do, = 27 sin 9 d%. In formula (139.4), we can everywhere omit the electron 
mass m; expressing all quantities in terms of t and s ~ M’?=2Me,, we have 


2 2 


e =f 
_ t 2 (4Me,+t) _ } 
AVE F2(t) a zara 4 (139.9) 
or, using (139.7) and (139.8), 


faa aei a’ cos’; 9 1 e 
‘de? sin’) & 1+ (2e./M) sin’! 9 
Fi—(tl4M’)Fn_ t eee 
aes Ta 7M? F;, tan 50 (139.10) 


(M. N. Rosenbluth, 1950). 

Note that the form factors F, and F,, contribute independently to the cross- 
section, and there are no interference terms between them. This shows that the 
form factors have been appropriately chosen. 
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PROBLEM 


Find the cross-section for scattering of an electron by a hadron with spin zero. 
SOLUTION. Using (138.5), we have instead of (139.3) 


Meg 
My, = ~ “Tr (el yPr)Ue)F(q?) 


The cross-section is found to be 


__ ma’ dt{((s—u)+(4M*-t)t) 2 
07 = is =(M + mylis-(M— mye? 


with the same notation as in (139.4). When |t}> m’, 


a cos’ 38 F(t) 


do = doen sin? 9 1+ (2ee/M) sin’ 30 


with the same notation as in (139.10). 


§ 140. The low-energy theorem for bremsstrahlung 


In §98 we have investigated the emission of a photon in a collision of particles, 
in the limit of zero photon frequency, and found that the amplitude of the process 
is inversely proportional to w and can be simply expressed in terms of the 
amplitude for the same collision without emission of a soft photon; the latter will 
again be conventionally referred to below as the amplitude for “‘elastic’’ scattering 
and denoted by M‘”. In the next approximation with respect to w, 


My =Mi"+M, (140.1) 


where a correction term independent of w (« w°) has been added to the principal 
term («w~'). We shall see that this correction term also, like the principal term, 
can be expressed in terms of M‘{”, and that this is true whatever the detailed 
electromagnetic structure of the hadron. This result is called the low-energy 
theorem for bremsstrahlung (F. E. Low, 1958). 

We have seen in §98 that the main contribution to the amplitude for emission of 
a soft photon (corresponding to the first term in (140.1)) arises from diagrams in 
which the photon is emitted by the initial or final particle. These are diagrams of 


the form 


(140.2) 
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in contrast to those of the form 


aie a= 


(140.3) 


where the photon line comes from the internal parts of the diagram. A charac- 
teristic feature of the diagrams (140.2) is that they can be divided into two parts by 
cutting only one (initial or final) virtual-hadron line. Thus they illustrate an 
important property: there exists a one-particle intermediate state with one hadron. 
We have seen in §79 that, because of the unitarity conditions, this property 
necessarily causes a pole singularity of the amplitude. 

Let us assume for simplicity that only one (denoted by the subscript 1) of two 
colliding hadrons has an electric charge and therefore can radiate, and that neither 
hadron has any spin. The wave amplitudes u of such hadrons are scalars, which 
will be taken as unity. Then the contribution of the pole part of the diagram 
(140.2a) to the amplitude ts 


ins ae 1 | 
MS?) = V (4rrje*(2p' k Yer ky Me (140.4) 


The first factor corresponds to the photon k (e, being its polarization 4-vector). The 
second factor corresponds to the electromagnetic hadron vertex (the black dot in 
the diagram), and is written in the form (138.5), with F the hadron form factor. The 
third factor is the propagator of the virtual hadron p,—k (M_ being its mass). 
Finally, the factor if denotes the whole remaining section. This differs from the 
amplitude of the elastic process 


P, P, 
iM. = (140.5) 
P; P, 


in that the real hadron p, is replaced by the virtual hadron p, — k. 

The first few terms in the expansion of (140.4) in powers of w include (1) terms 
inversely proportional to w, (2) terms independent of w but depending on the 
direction of k, (3) terms independent of both w and k. The terms of the third kind 
only are given also by non-singular diagrams of the type (140.3), which do not have 
a pole singularity, and by the non-pole parts of the diagrams (140.2). We shall see 
that all such terms of this sort are jointly and unambiguously given by the terms of 
the first and second kinds when the condition of gauge invariance is applied, so that 
no separate calculation of these terms is necessary. 

The amplitude of the elastic process (140.5) depends only on two invariants: 


Ss =(pi+ po)! = (pit py’, 


140.6 
t = (pi — p2)’. sae 
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The replacement of p, by p;—k not only changes s into (p, — k + p2)’ but also brings 
in a dependence on a further variable, 


(p,;—k)’- M°= — 2pjk, 


which represents the ‘“non-physicalness” of the momentum p,—k. But the first 
term in the expansion in powers of this new variable (a small quantity) already 
eliminates the singularity in the amplitude (140.4), and therefore can yield in this 
amplitude only terms independent of k, which according to the foregoing discussion 
are not yet relevant. Thus we reach the important conclusion that T in (140.4) can 
be replaced by the physical amplitude M‘"(s, t) with the change 


s >(p, t+ po—k’) = s ~ 2k(p, + po). (140.7) 
The first terms in its expansion are given by 
T > M$i(s, t)— 2(kp, + kp2)(M $?/ds).. 


For a similar reason, it is unimportant that the electromagnetic form factor F 
here relates to a vertex at which only one of the two external hadron lines (p; and 

— k) is physical. The form factor can therefore be replaced by the one described 
in §138, for a vertex with two physical external lines; since the photon k is then a 
real photon, we have F(k?) = F(0) = Z;, where eZ, is the hadron charge. 

Thus (140.4) gives 


M3? = ZieV (40) CPD _ 7 eV(4m) Ue* OB) bane, 7a RE 


(kp) +--+, (140.8) 


aM 
2( pak) MEE 


ie ) 


where the dots represent terms independent of k (whereas the second term in 
(140.8) depends on the direction of k). Similarly, we find that the contribution to Mj; 
from the diagram (140.2b) differs from (140.8) in that pi, p2 and k are replaced by 
Pi, p; and —k. The leading term in the expansion is the already familiar expression 
(cf. (98.5)) 


M¢ = Zev (an) (Ba pe ~ Bie) Mi (140.9) 


The terms independent of k can be found from the condition for the amplitude 
as a whole to be gauge-invariant: it must be unaffected by the change e* > e* + 


constant x k, 1.e. must have the form M, = e*J", with k,J* =0. It is easy to see 
that, for this to be so, we must add to (140.8) the term independent of k 


—2Z,eV (47r)(p2e*), 
and similarly for the diagram (140.2b). The final result is 


aM ‘0 
as 


MS) = 2Z,eV (4a)ex Exes 4 (PIR) _ ye 5 pi (pak) _ pi 


(pik) (pik) vey) 
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The problem can be solved by means of this formula, which may be more 
compactly written by using the identity 


2» (35), = (Spr) 
*\as OP 1 / pj, p23 
and similarly for d/dp;, and the differential operators 


7 _ Pw pv __9 9 
fu = (pik) © ~ apt apt Cae 


and similarly for di,. Then 


M® = ZieV (41) eX(dt + di") M$. (140.12) 


The cross-section is given by |M,;|’; to the appropriate accuracy, 
My? = |M $9? +2 re (M9 2M 9). (140.13) 


The second term gives the required correction to the emission cross-section. 
Summation over the polarizations of the photon gives as the value of this cor- 
rection 


~4(Zye)? (Pe - Fe) di + diy IMIPF, (140.14) 


(p'k) (pk) 


Thus the correction to the emission cross-section is expressed in terms of the 
cross-section for the elastic process and its derivative with respect to s. 

If the charged hadron has spin 3, the calculations are unchanged in principle; 
only the specific form of the vertices and propagators is altered. It is found that 
formula (140.14) remains valid after averaging over the polarizations of the hadrons 
and the photon (T. H. Burnett and N. M. Kroll, 1968). 


$141. The low-energy theorem for photon-hadron scattering 


In the limit of low frequencies, the cross-section for the scattering of a photon 
by any charged particle at rest tends to its classical value given by Thomson’s 
formula. This limit corresponds to an amplitude independent of the photon 
frequency w, which we denote by M%’. It is found, however, that not only the first 
term in the expansion of the amplitude in powers of , 


=M+M¥. (141.1) 
but also the next term (M“ ~ w), are independent of the specific electromagnetic 


Structure of the hadron for photon scattering, as well as for the bremsstrahlung 
discussed in §140 (F. E. Low, 1954; M. Gell-Mann and M. L. Goldberger, 1954). 
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This process is represented by diagrams of three types: 


. id 
: : ae ; 141.2 
ptk p--’ JA ( .2) 
Pp p p’ ’ 
a b r Cc P 


of which the first two again have a one-particle intermediate state, and therefore a 
pole singularity. 

The analysis and the principle of the calculations are the same as in §140. In 
practice, we need only determine the contribution from the pole parts of the 
diagrams (141.2a) and (141.2b), expressing their electromagnetic vertices in terms 
of the static form factors (the charge Ze and the anomalous magnetic moment pan), 
as in (140.15). 

Unlike the bremsstrahlung case, however, the corrections to the Compton- 
effect cross-section are important only for particles that have spin. This is because, 
for bremsstrahlung, as well as the spin-dependent corrections, there are corrections 
arising from the energy dependence of the amplitude of the “‘elastic’’ process. In 
photon scattering, this amplitude is replaced by form factors which, for “‘physical 
external lines’’, are constants independent of the energy, and therefore the cor- 
reactions arise only from the magnetic moment, which is zero for spinless particles. 
We shall discuss the scattering of a photon by a spin-; hadron. 

If M;; denotes the contribution of the pole diagrams to the scattering amplitude, 
then (cf. (86.3), (86.4)) 


My = — 42(Ze)’e,.*e,(dQ’’u), (141.3) 
where 
; : +yk+M, , 7 . yp — yk'+M s' 
HY = (yt + SH) IP (y"- S’)+(y’-S”) (y" +S"), 
QQ =(y eke Y age ) (141.4) 
s=(ptky=(p'+ky, u=(p—kVY=(p'—ky, 


and for brevity we have put 
Pano*k, = ZeS*, Mano’ *k, = ZeS". (141.5) 


By interchanging the operators yp+M and using the equations a'(yp'—M)= 
(yp — M)u = 0, we can transform (141.4) to 


ep cee (VON 2D VRS 2D i cea]... 
Qe m | (yt + sy EAP 4 POE AP (yt + 89] 


~(2 y"(yk) + 2P* go 4 ge VO) — P| 
2p'k’ 2pk' 


cigars out ine a s”]. (141.6) 
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This form, and the corresponding one with k and k' interchanged, clearly show that 
(141.3) is gauge-invariant; the relevant condition is 


ka’ Q*’u) = (@’'Q*’u)k, = 0, (141.7) 


in verifying which it must be remembered that (yk)(yk) = 0, kS = k’S’=0. 

Since the pole part of the scattering amplitude is thus gauge-invariant by itself, 
so must be the regular part of the amplitude (which includes the contribution of the 
diagram (141.2c)). Hence in turn it follows that the expansion of this part in powers 
of k and k’ must begin with quadratic terms; cf. the similar comment relating to the 
condition (127.5). That is, the regular part of the amplitude includes only terms 
starting with those proportional to ww'~ w’, and makes no contribution to the 
terms concerned here, which are proportional to w° and w'. These are therefore 
included in (141.3). 

To calculate the terms in question, we use the laboratory system, in which the 
initial hadron is at rest. For the photons, we take a three-dimensionally transverse 
gauge, in which e7=e,=0. Then pe =0, p'e'* ~|p'|~ w, and from (141.6) it is 
obvious that the leading terms in the expansion of My, will be proportional to w, 
and that the terms in p,, will contribute only to the w' terms. 

The wave amplitudes of the initial and final hadrons in the laboratory system 
are, with the necessary accuracy, 


u=V(2M) ( ai'=V(2M) | ws, Fe k-k) a], 


where w and w’ are three-dimensional spinors. 
A straightforward calculation gives the result 


M$? = —87(Ze)’(e’* - e)(w'* w), (141.8) 


M!) = ~ 167iMy2,0(w’* ow) « (n’ X e’*) X (n X e) — 
— 47riZep.nw(w'* ow) - {n(n X e- e’*) + 
+(nXe)n:e* —n'‘(n' x e’* - e) — 
—(n’ X e’*)n + e— 2e’* x e}, (141.9) 


where n= k/o, n' ='k'/w’. 
The scattering cross-section 1s 


1 12 
do = 64 qi Mal’ vi do ; (141.10) 


see (64.19). For scattering by a charged particle, both M‘) and M‘ are non-zero. 
The accuracy used allows us to retain in |M;)|’ the terms |M/{?? and re(M{? M$P*). 
The first of these gives the Thomson scattering. The second becomes zero on 
averaging over the polarizations of the photons and hadrons. In scattering by a 
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charged hadron, therefore, the corrections under consideration occur only in the 
polarization effects. 

For scattering by an electrically neutral hadron, M/)’ = 0 and the cross-section is 
determined by |M$)|’. After averaging over the polarizations of the final particles 
and summing over those of the initial particles, it is (in ordinary units) 


_ 2p*o’ ae? t 
do me mca sin’ 3) do’, (141.11) 


where @ is the photon scattering angle and the anomalous magnetic moment is 
equal to the total moment p. The angle dependence of this cross-section is the 
same as for antisymmetric scattering (see 860, Problem 2). 


§ 142. Multipole moments of hadrons 


Let us now consider the transition current corresponding to a diagram of the 
same kind as (138.2): 


yk 


LN, (142.1) 
Pz 


but with the lines p,; and p> pertaining to different particles (masses M, and M;); the 
photon line k = p,— p2 will be more conveniently represented here as leaving the 
vertex. The photon may be either virtual or real, the only necessary condition being 
k?<(M,— M,>)’, so that the value k* = 0 is permissible. Thus the applications of this 
diagram include, in particular, processes of photon emission in transformations of 
nuclei as well as other particles (for nuclei, the initial and final particles are the 
same nucleus in different states). 

The most interesting case here is that in which the wavelength of the photon is 
large compared with the characteristic “dimensions” of the particle (i.e. those 
which appear in its form factors, equal to the “radius” in the case of a nucleus). 
Then the transition current can be expanded in powers of k.f 

Note first of all that we must have 


J, = 0 when k = 0, (142.2) 


since the limit k > 0 corresponds to a potential constant in space and time, but such 
a potential has no physical significance and cannot give rise to real processes. The 
same conclusion can be reached by a more formal argument: the currents discussed 
in §138 were non-zero for k=0 on account of the terms proportional to the 
4-vector P = p,+p2, but when M, # M; the product Pk#0, and such terms are 
therefore forbidden by the condition for the current to be transverse. 


+t The following treatment is due to V. B. Berestetskii (1948). 
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This condition for the current J;; = (p;;, Jj) is, in three-dimensional form, 


k - Ji = WPfis (142.3) 
and can be satisfied in two ways: 
Iii = w Vv(k, w), Pri = k : v(k, w) (142.4) 
or 
Iii =k x a(k, w), Pi = Q. (142.5) 


Here v is a polar vector and a an axial vector. The current is said to be of the 
electric and magnetic type respectively. According to (142.2), v and a are finite or 
zero when k, w-> 0. 

Let the photon energy w < M,. Then the recoil may be neglected, and the final 
particle M, also may be regarded as being at rest (in the rest frame of M)); 
w = M,-— M; is given quantity. The states of the particles M, and M, at rest are 
specified by three-dimensional spinors w, and w> of ranks 2s, and 2s,, where s, and 
S, are the spins of the particles. The transition current must be a bilinear com- 
bination of w; and w%. From the products of the components of these spinors, we | 
can form irreducible tensors with ranks | = s,;+ s2,...,|S;— S2|; for a given I, they 
are true tensors or pseudotensors according to the internal parities of the particles 
M, and M>. Apart from these tensors, we have available only the vector k. In order 
to obtain the first term in the expansion of the current in powers of k, we must 
form from these quantities a vector of the lowest possible power of k. This is done 
by taking the tensor of lowest rank and contracting it | — 1 times with the vector k. 
This will give the polar vector v or the axial vector a. 

Let Qm be the spherical components of the tensor formed from the wave 
amplitudes of the particles. The spherical components of the tensor of rank [— 1 
formed from the components of k are |k|'"' Y;_;,,(m), where n = k/w. From the general 
rule for the addition of spherical tensors (see QM, (107.3)), the spherical components 
of the vector v may be written 


, V(4er) [2l4+1. 4. [-1 1 
— (1 1\rAthel VATED I-1 
v= (I KP Ge on 


l 
(21 —1)!! = =) Qh-mYi-1.a+m(M), 


where A takes the values 0 and +1; the choice of the common factor is explained 
below. Using formulae (7.16), we can express v in terms of spherical harmonic 
vectors: 


I-1 
vail ae FD CDM mEVEL+ DY IRM) + VIVO]. (142.6) 


Substitution in (142.4) gives the El transition current: 


1-1 
Jy = it Se  —_-pQial VUl + DY Ian) + VIVE], (142.7) 
I 
py = i TRL SO Yin (142.8) 
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\k| and w are distinguished in each formula, with a view to possible applications to 
real photons and also virtual photons, for which the two quantities are not equal. 
In (142.7) and (142.8) it is assumed that the spherical tensor Q,, (here denoted 
by Q/@) is a true tensor. If it is a pseudotensor (denoted by Q{”), then (142.6) defines 
the pseudovector a, and substitution in (142.5) gives the MI transition current: 


1 V(47) 1+ eee ner 
Jji = "ar qe tty ik DCD Qin Y tm CM), 


pri = 9. 


(142.9) 


The quantities Q{ and Q{f? are the hadron electric and magnetic multipole 
transition moments. Their role in hadron electrodynamics is exactly analogous to that 
of the corresponding quantities in electron electrodynamics. However, for electron 
systems these moments can In principle be calculated from the wave functions (as the 
matrix elements of the corresponding operators), whereas in hadron electrodynamics 
‘they occur as phenomenological quantities whose values are determined from 
experiment. 

The normalization of these quantities in (142.7)—-(142.9) is chosen so as to agree 
with their definition in §46. This can be verified by regarding the currents (142.7)- 
(142.9) as Fourier components of the transition current in the coordinate represen- 
tation. For example, expanding the factor e ™’" in the integral 


pak) = | pa(nye*'* dx (142.10) 
by means of (46.3), we get 
p(k) = Ai! D) Yin(n) pu(t) Y¥m(r/r)gi(\k|r) d2x. 


Retaining the term with the smallest value of | such that the integral is non-zero, 
and replacing g, (|k| r) for |k|r <1 by the first term in its expansion (46.5), we return 
to (142.9), with 


Qi? = Th r'pyi(r) Yim (r/r)d’x, (142.11) 


in agreement with the definition (46.7). | 

It can also be shown that, when applied to the emission of a real photon,-the 
formulae derived above give results already known. The amplitude of a transition 
with emission of a photon having momentum k = wn and polarization e = (0,e) is 


M;i = sr eV (47r)e* : Iyi. (142.12) 
If the nucleus has definite values of the angular-momentum component M; and M, 


in the initial and final states, only one term remains in each sum over m in 
(142.7)-(142.9), namely that with m = M;— M,. Since, from (16.23), the products 
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Y{2-e* and Y§™ - e* (where A = + 1 is the helicity of the photon, and e” Ln) are 
proportional to D\,, we obtain again the formulae given in §48. 
The differential emission probability ist 


dw = 278{w — (FE; — E;)\\Mgi|"d°k/2w(27)’, (142.13) 


where E,; and Ey are the initial and final energies of the nucleus. The total 
probability is found by summation over the polarizations and integration over d°k. 
Substituting (142.7) or (142.9) in (142.12) and thence in (142.13), and performing the 
operations just mentioned, we again obtain (46.9) or (47.2). 

Formulae (142.7)—-(142.9) include all possible cases of the emission of a real 
photon. For virtual photons, there is another possible case which they do not 
include (R. H. Fowler, 1930). | 

If the spins and parities of the initial and final states of the nucleus are the 
same, we can obtain from their wave amplitudes a scalar Qo, and from this a 
transition current of the form 


pi = Qk’, = Ji = Qowk. (142.14) 


Qo is called the monopole (EO) transition moment. The corresponding transition 
amplitude for the emission of a real photon is zero, since e* -k = 0. The monopole 
current, however, may give rise to transitions involving the emission of a virtual 
photon. It is, moreover, the only such source when s, = s, = 0 and all the multipole 
moments are zero. 

The monopole current (142.14) its analogous to the electric quadrupole 
current as regards its dependence on w and k. Accordingly, the moment Q, also is a 
quantity of the same order as the quadrupole moment. The same conclusion can be 
reached by regarding (142.14) as the Fourier components of the current in the 
coordinate representation. Using in (142.10) the expansion of e~'' in powers of 
k-r and assuming that p;(r) is spherically symmetrical, we get 


pri(k) = —¢k’ | pyi(r)r? dx. 
Comparison with (142.14) shows that 
Qo= ~% | pyi(r)r? d°x. (142.15) 
The similarity to the quadrupole moment is obvious. 


PROBLEMS 


PROBLEM 1. Find the probability of ionization of an atom from the K shell because of the 
excitation energy w of the nucleus (called internal conversion of y-rays), in an MI nuclear transition, 


+ The factor 276 in this formula, replacing (27)*6 in (64.11), arises because momentum is not 
conserved when the recoil of the nucleus is neglected, and so only the conservation of energy remains. 
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neglecting the binding energy of the electron in the atom and the influence of the nuclear field on the 
wave functions of the nucleus.t 


SOLUTION. The process is described by the diagram 
~~ 
49 
t 
ye 

2 


Pp 


() 


Pp i 


where p, and p2 pertain to the nucleus at rest in different states, and p =(m,0) and p’' =(m +, p’) are 
the 4-momenta of the initial and final electrons. This diagram corresponds to the amplitude 


4m, 
My = -e’ eZ U(p')\(yJp)u(p), 


where Jj; is the transition current of the nucleus. After summation over the final polarizations of the 
electron, and averaging over its initial polarizations, we get 


, 167° 


I 2 2 : 
2 Myil = & x77 tq (Sp FP Fi) + 4S iP), 
» 2, Mal’ = e* ons {a°ndhi) + 4 PhD )} 
using the fact that Jjjq = 0 and therefore Jjp = Jip’. The conversion probability is calculated from 
dWeon = (OF (Bide) 
m p-0 


where do is the cross-section for the scattering process represented by the diagram (1) with p = (e, p), 
and yi is the wave function of the atomic electron; for a K electron |Wi(0)/ =(Zam)/7. The factor 2 
takes account of the two electrons in the K shell of the atom. The cross-section do is 


do = 278(e + w — €')|Myi|’ d’p' 
" 2|[p|-2e'(2ay’ 
cf. the last footnote. 

For MI transitions, the current J;; must be taken from (142.9). The integration of dWeony over de’ 
removes the delta function, and the integration over do’ replaces |Y{™|’ by unity. The conversion 
probability is thus expressed in terms of |Q\™,,|’. But, according to (46.9), the probability w, for the 
spontaneous emission of a photon in the same nuclear transition can be expressed in terms of the same 
quantity. The final result is 


1+t 
sreeties 2a(Za)? al (1 + am | ; 
Ww Ww wW 


y 


this ratio being called the conversion coefficient. 


PROBLEM 2. The same as Problem 1, but for an El nuclear transition. 


SOLUTION. By the same method, with the transition current given by (142.7) and (142.8), we obtain 


Weony _ s(,4—/ m’ 2m\" 
ont = 2a(Za) (1+ 755 ™)(1+ m) 


+ This approximation implies that the nuclear charge is small and the excitation energies w are 
sufficiently large (but 1/w is assumed large compared with the dimensions of the nucleus). In practice, 
the approximation is somewhat unsatisfactory, and a more precise calculation has to take into account 
the Coulomb field of the nucleus. 


§ 143 Inelastic Electron—Hadron Scattering 643 


PROBLEM 3. The same as Problem 1, but for a monopole nuclear transition. 


SOLUTION. With the transition current given by (142.14), the result is 


3/2 
Weonv = 16a°(Za)’m'>w? (1 + =m | Qo’. 


WwW 


Since monopole emission of a photon is impossible, |Qo|’ cannot be eliminated. 


§ 143. Inelastic electron—hadron scattering 


Elastic electron—-hadron scattering has been discussed in §139. The problem of 
inelastic scattering may be formulated similarly. The only difference is that the final 
hadron state now corresponds to another hadron or several hadrons. The law of 
conservation of momentum (139.1) remains valid if p; denotes the 4-momentum of 
the final hadron or the total 4-momentum of the group of hadrons formed in the 
scattering process. We thus have now p;’ ¥ pi = M’, where M is the mass of the 
initial hadron. 

With this difference, the inelastic scattering process is described by the same 
diagram (139.2). The lower vertex of the diagram is denoted by J; as in §138. 
However, in contrast to (138.3) or (138.6), we shall not express the transition 
current in terms of the vertex operator and the amplitudes of the states, in order 
not to specify in advance the nature of the final hadron state. 

We can now write the scattering amplitude in a form analogous to (139.3): 


Mj = ala (143.1) 
(De — Pp.) 


a similar amplitude has already been used in §142, Problem 1, where energy 
transfer to an electron was considered, and the amplitude has a similar structure in 
the problem of the excitation of nuclei by electrons. 

We shall assume that the initial electron energy is so high that many hadrons 
can be formed in the final state, and consider the “inclusive’’ cross-section, for 
which only the electron momentum in the final state is fixed, with summation over 
all the hadron states. This differential cross-section is written as follows, in 
accordance with the formulae of §64: 


= d’p. 49(4) a ree 2 
do = Fa) ak (Pr + Pih—- De — PDIMgl’. (143.2) 


The inclusive cross-section can depend only on three kinematic invariants, 
which may be determined by measurements on electrons only. The three invariants 
are 


t=q>=(pe—p)’, 8S =(PetDpn)’, (143.3) 


and p;,. The need to include the third invariant arises because, in contrast to the 
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case of elastic scattering, pi”, the ‘‘mass’ of the final hadron state, is now 
unspecified. Instead of it, however, another invariant is more convenient, namely 


V = GDr. (143.4) 
The relation between v and p}’ follows from p= pata: 
p= M’+t+2v. (143.5) 


If the initial hadron is stable (for instance, a proton), the rest energy of the final 
state exceeds M, i.e. pj}? = M?’, and from (143.5), since t <0, we have 


y =Hel, (143.6) 


the equality occurring for elastic scattering. 

The kinematic invariants can be expressed in terms of the electron energies e, 
and e; in the initial and final states and the scattering angle 6. We shall assume the 
electron to be ultra-relativistic («, >m,e.>m), and neglect its mass. Then, in the 
rest frame of the initial hadron (the laboratory system), 


t= —4e,c)sin?}6, v=M(e.—6€)), S—-M’=2Me. (143.7) 
Substituting (143.1) in (143.2) and summing as usual over the electron polariza- 


tions, we obtain the scattering cross-section for unpolarized electrons, which we 
write as 


do = ay aot Pe, w,,We”, (143.8) 
Or 
do = a eee w,W", (143.9) 
where 
Was = 4DeuPev ~ 2(Peuds + PeQu) + Q’Bur (143.10) 
wr = 2 (27r)*5(Di— Pa — QI RI fi*. (143.11) 


The tensor W*” of course depends essentially on the properties of the hadron 
currents, and in general we can only pose the problem of its phenomenological 
structure, similarly to the problem of hadron form factors. We first use the fact that 
the tensor structure of W*” must be determined only by the 4-vectors relating to 
the lower vertex of the diagram (139.2), i.e. p, and g. From these (and the metric 
tensor g,,) five independent tensors can be constructed. The requirement of 
invariance under time reversal means that the tensor must be symmetrical, and 
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there are four such. Lastly, the condition of current conservation, 1.e. 
W"'d, = 0, W"’d, = 0, 


reduces the number of independent tensors to two. These may be taken as 


with = ES Baas Tiel = (Pru — 2G,1t)(Prv — rault), (143.12) 
and W,, be written as 
Wi = 4nMW,ril) + (4/M)W 7), (143.13) 


Substituting (143.10) and (143.13) in (143.8), we put the cross-section in the form 


do = (W2+2W, tan’ 30) de) doa, (143.14) 
where 
ee a’ cos’ 36 do’ 
Vel ~ 4e? sin’ 10 


is the cross-section for scattering of an ultra-relativistic electron in a Coulomb. 
field; cf. (80.7). 

We see that the cross-section 1s determined by two structure functions which 
depend on the two invariants t and v. If the physics of hadrons at high energies 
does not contain characteristic quantities having the dimensions of mass (the 
hypothesis of scale invariance), we may expect that the structure functions 
depend, at high energies, on the only dimensionless parameter, t/v. Then the 
functions W,, W, must be functions of one variable: 


Wi =(Miv)Fi(t/v), = W.=(M/v)F2(t/v); (143.15) 


the ratio M/v is independent of M. 


§ 144. Hadron formation from an electron—positron pair 


Let us now consider the transformation of an electron—positron pair into 
hadrons. We denote the 4-momenta of the electron and positron by p- and p,, and 
the (total) 4-momentum of the hadrons formed by p,, with p_ + ps = py. The process 
is represented by the diagram 


(144.1) 
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The lower vertex here corresponds to the transition current from the vacuum to a 
hadron state |n), which we denote by (n|J{0) as in §104. 
The diagram (144.1) corresponds to the scattering amplitude 


M, = —(4ralq?)iai(—p.)y,u(p_)n(n|J*[0). (144.2) 


We shall consider the total cross-section o, for annihilation into hadrons, t.e. sum 
over all final states |n). Then, in accordance with (64.18), 


on = 77 D Mal? (27)'8(r ~ 4), (144.3) 


where q = p_+p,.. The mass of the electron will henceforward be neglected; then 


q’ = 2(p_ps), I = 43q’. 


As in §143, we write the cross-section in the form 


on = (47) wYW,,/20°, (144.4) 
where 
w' = a(ptq’ + p*q* — 2ptp* —2q’g""), (144.5) 
Wy = & >, (277)*5 (py — GOW, [n(n |J,[0) (144.6) 
and t = q’>0. 


Note that t is the only kinematic invariant in this problem, with the three-ended 
diagram (144.1), and q is the only 4-vector on which W,, can depend. Hence, by 
the requirement of current conservation, the tensor W,, may be written 


W,, =4pr(t) (49: = aur); (144.7) 


where p,(t) is the only invariant function, depending on the properties of the 
hadron current and determining the annihilation cross-section. Substitution of 
(144.5)-(144.7) in (144.4) gives 


on = (427 a/t”)p,(t). (144.8) 

Note that the function p,(t)= —3W% is exactly the same as p(t) defined in 

(104.9) if the currents in the latter equation are taken to be hadron currents. 
Moreover, p(t) is the spectral density of the self-energy function I(t): 


im I(t) = — mp(t). 


In the lowest approximation with respect to a, which is being considered here, the 
function II is the same as the polarization operator ¥. In this approximation, 
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therefore, p,(t) is also the spectral density of the hadron contribution to the 
polarization operator: 


im P(t) = —77p,(t). (144.9) 


Using the dispersion relation (111.13) and expressing p, in terms of o, by (144.8), 
we get 


oo 


___t? ff on(t') dt’ 
0 


_which expresses the hadron contribution to the polarization of the vacuum in terms 
of the measured cross-section for annihilation into hadrons. 

Note that we could, in exactly the same way, solve the problem of electron- 
positron pair annihilation to form a muon pair (in the first approximation with 
respect to a, only one such pair is formed). Corresponding to the formula (144.8), 
the result is 


o, = (4na/t?)p,(t), (144.11) 
where p,(t) is the spectral density of the muon polarization of the vacuum. It 


differs from the electron polarization only in that the electron mass m is replaced > 
by the muon mass yp, and, from (113.8), it is 


py(t) = (a/3a)(t + 2n’)V (1 — 47/1). 


Substitution in (144.11) brings us back to the result already derived in §81, Problem 
8. 
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